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SUMMARY

The retina is a light-sensitive tissue located at the back of the eye and plays a key role in
vision. To maintain visual function, the amount of oxygen in the retina (retinal oxygenation) is
highly regulated under normal physiological conditions. However, alteration of retinal
oxygenation is implicated in common vision-threatening retinal diseases including diabetic
retinopathy, glaucoma and macular degeneration. Additionally, retinal oxygenation can be
perturbed and characterized by the physiological challenge of diffuse light flicker stimulation
(DLFS). Therefore, research that characterizes retinal oxygenation and its response to DLFS in
health and disease is essential. To date, available techniques for the direct assessment of retinal
oxygenation are invasive and cannot be used in humans. Therefore, markers of retinal
oxygenation in humans — retinal vessel diameter (D), retinal vessel oxygen saturation of
hemoglobin (SO2) and the inner retinal oxygen extraction fraction (OEF) — are measured non-
invasively instead. However, in animals, retinal oxygenation may be directly assessed by
measurement of retinal tissue oxygen tension (tPO2). This thesis describes novel techniques to

assess retinal oxygenation markers in humans and tPO> in rats.

An optical imaging system for the non-invasive measurement of retinal oxygenation
markers in humans was developed and then applied to assess the effects of diabetic retinopathy
disease stage and DLFS on markers. Additionally, the system was modified to measure and
mathematically model the temporal dynamic responses of retinal oxygenation markers to DLFS.
To address limitations in subjects’ fixation during the assessment of these temporal dynamics, a
system for real-time image stabilization was developed. Finally, a technique for the three-
dimensional assessment of retinal tPO> in rats was developed, permitting the evaluation and

assessment of multifocal retinal oxygenation abnormalities.
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I. INTRODUCTION

The retina is one of the most metabolically active tissues in the human body, 2 requiring
a constant supply of oxygen to meet the high energy demands of vision. Indeed, the amount of
oxygen in the retina (retinal oxygenation) has been implicated in common vision-threatening
diseases, including diabetic retinopathy,®® macular degeneration® and glaucoma.” Therefore,
techniques that assess retinal oxygenation are necessary to understand retinal physiology in
health and disease.

Retinal oxygenation in humans cannot be directly assessed by current techniques, which
are either invasive or require injection of agents that are not approved for human use by the U.S.
Food and Drug Administration.®® Therefore, retinal oxygenation in humans is assessed using
non-invasively measured markers of oxygenation. These markers include retinal vessel diameter
(D) and oxygen saturation of hemoglobin (SO). Retinal vessel D has been measured using
systems such as conventional fundus imaging®! and the retinal vessel analyzer.'>1* Retinal
vessel SO, is commonly measured by dual-wavelength retinal spectrophotometry,#1" although
recent research has also demonstrated measurement by photoacoustic ophthalmoscopy*® and
visible optical coherence tomography.*®

Previous studies have characterized retinal oxygenation during diffuse light flicker
stimulation (DLFS). DLFS is a physiological challenge to the retina that has been shown to
stimulate neural activity,? dilate retinal vessels,?** increase blood flow,?*?® and alter SO; in
retinal veins.?®> 24 However, D, SO, and their DLFS-induced responses represent characteristics
of the retinal vessels alone and cannot provide direct information on the retinal tissue.

Previous studies in cerebral tissues?’ and the rat retina?® have quantified a tissue

oxygenation marker called oxygen extraction fraction (OEF). OEF in the inner retina represents
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the fraction of oxygen extracted from the retinal vasculature by the retinal tissue, and under
steady state conditions, quantifies the ratio of inner retinal oxygen metabolism to oxygen
delivery. Thus, OEF can provide information on the ability of a tissue’s oxygen delivery to
address its metabolic demand. However, neither OEF nor its DLFS-induced responses have
been reported in human retina under health or disease.

Therefore, we developed a novel optical imaging system for simultaneous assessment of
retinal oxygenation markers (D, SO- and OEF) before and during DLFS, providing insight into
retinal physiology and how the retina accommodates challenges like DLFS.'® We then used the
optical imaging system to assess both the effects of diabetic retinopathy (DR) disease stage and
DLFS on retinal oxygenation markers, elucidating retinal pathophysiology at stages of DR.?®
These two studies provided information on the effect of DLFS after a fixed duration, but could
not describe the temporal dynamics of retinal oxygenation markers during DLFS. Thus, we
modified the image acquisition protocol of the optical imaging system to assess the temporal
dynamic responses of retinal oxygenation markers to DLFS, permitting the modeling of these
dynamic responses. This modeling revealed the time-course of changes in retinal oxygenation
markers during DLFS, further elucidating retinal physiology. However, the assessment of these
temporal dynamics required longer image acquisition times, during which subjects may lose
fixation. Therefore, an additional novel optical imaging system was developed for real-time
image stabilization, which prevented the loss of imaging data due to poor subject fixation.*

In contrast to studies in humans, retinal oxygenation can be directly assessed in animals
by measuring retinal tissue oxygen tension (tPO2). Current methods to measure tPO include
oxygen-sensitive microelectrodes®** and phosphorescence lifetime imaging (PLI).3%3 The

oxygen-sensitive microelectrode technique is considered the most accurate due to its direct



sampling, high sensitivity and depth discrimination, but it is highly invasive and can only
provide measurement of tPO> through the retinal depth at single point locations. In contrast, PLI
has been adapted to measure tPO- through the retinal depth at vertically contiguous regions,*’
partially overcoming the limited spatial assessment of tPO2 by oxygen-sensitive microelectrodes.
However, neither of these techniques can measure volumetric retinal tPO..

Therefore, we developed a novel technique for the three-dimensional (3D) measurement
of tPOz in rats. The technologies from our previous studies for two-dimensional retinal tissue
PLI®" and 3D retinal vascular PLI° were combined here to acquire depth-resolved measurement
of tPO> at multiple vertical and horizontal contiguous locations across the retina. Thus, retinal
tPO- volumes were generated, permitting the quantitative 3D assessment of retinal oxygenation

under health and disease.



1. BACKGROUND

The Retina

The human eye is a complex organ that is responsible for vision. As indicated in Figure
2.1A, the major tissues of the eye include the cornea, iris, lens, retina and optic nerve. Both the
cornea and lens are transparent tissues which refract light, limited by the opening in the iris, to a
focus on the retina. The retina is neural tissue located within the posterior inner surface of the
eye and consists of eight layers and two membranes, as shown in Figure 2.1B. Considering the
eye as a sphere, the retina is commonly discussed as two halves — the inner and outer retina —
corresponding to the portions of the retina which are closest to the sphere’s center (inner) and
farthest from the sphere’s center (outer). Thus, the inner retina spans roughly from the inner
limiting membrane to the inner nuclear layer and the outer retina spans from the outer plexiform

layer to the pigment epithelium.®

Retinal ayors
@ Norve fber kaper —?
B Ganglicn cell layer

0 enar nuciear layer =t

Aotina

— Optic Nerve

Figure 2.1 (Left) A sagittal plane cross-section schematic of the human eye with major

tissues labeled. Adapted from Northwestern Medicine (encyclopedia.nm.org). (Right)

Labeled retinal layers from the inner retina (top) to the outer retina (bottom). Adapted
from Berne and Levy, Physiology.*°



The primary function of the retina is to detect light and convert it to electrical signals. As
light enters the eye, it passes through the inner retina to the outer retina, where phototransduction
occurs in the photoreceptors. Phototransduction in the human eye is the process of converting
visible light photons into electrical signals by rhodopsin-mediated intra-cellular biochemical
cascades.’® These signals are transmitted and integrated through the interconnecting and
ganglion neurons via action potentials and are eventually delivered to the cerebral cortex via the

optic nerve for further visual processing.*!

Retinal Oxygenation

The retina is one of the most metabolically active tissues in the human body*? To
address the retinal metabolic activity, oxygen is continuously delivered to the retina by two
distinct vascular beds: the retinal vasculature and the choroidal vasculature.®® The retinal
vasculature is located within, and primarily supplies oxygen to, the inner retina, whereas the
choroidal vasculature is located immediately external to the retina and primarily supplies oxygen
to the outer retina. The retinal metabolic consumption of oxygen in conjunction with the oxygen
delivery from the two vascular beds generates a characteristic
distribution of oxygen through the retinal depth.3" 3242 Physiological and pathological events
may affect the retinal metabolic activity and/or the ability of either vascular bed to deliver
oxygen, which in turn affects retinal oxygenation. Therefore, it is imperative to measure retinal

oxygenation to elucidate the mechanisms of visual function in both health and disease.



Retinal Blood Flow and Oxygen Transport

As a first approximation, the retina may be modeled as a mass of tissue with a single
artery and vein. By the conservation equation, we write that,

d d d
d—tmaSSOZ = 7 MASSenter — 7 MASSexit + 77 MASSgen — 72 MASScon 2.1

where massO; is the amount of oxygen in the retina, massenter is the amount of oxygen entering
the retina, massexit i the mass of oxygen exiting the retina, massgen is the amount of oxygen
generated in the retina and masscon is the amount of oxygen consumed by the retina.

We first make four assumptions: 1) oxygen enters the retina from the artery only; 2)
oxygen leaves the retina from the vein only; 3) no oxygen is generated within the retina; 4)

oxygen is consumed solely by metabolic activity. Expanding Equation 2.1 yields,

d

amassOZ = amassOZA - amassOZV - EmassOZmet 2.2

where massO2a is the mass of oxygen in the artery and massOazmet is the mass of oxygen used for

retinal energy metabolism. We now make several substitutions to facilitate further mathematics.
In general, %mass can be expressed as the product of flow (F; vol/time) and concentration ([];

mass/vol). Similarly, mass may be expressed as the product of volume (V) and concentration.

Here, we also define the rate that oxygen is consumed by retinal energy metabolic activity as

oxygen metabolism (i.e., %maSSOZmet = MO, in units of mass O2/time) and the rate that

oxygen is delivered to the retina by the artery (A) as oxygen delivery (i.e., %massOZA =F, *

[0,4] = DO,; mass/time). Thus, we write

d
VE [0,] = DO, — Fy[0zy] — MO, 2.3



where [O2] is the concentration of oxygen in the retina, [O2v] is the concentration of oxygen in
the vein and Fv is venous blood flow. However, since the retinal vascular system is an end-
artery system, retinal blood flow is conserved between arteries and veins and is henceforth

denoted as BF.

d

Now we make one last assumption, 5) the retina is well-mixed, such that the concentration of
oxygen in the retina is similar to that of the nearby vein. Expanding Equation 2.4 according to

the fifth assumption yields,
d

Thus, the conservation equation has been expanded to a linear, ordinary differential equation. It
should be noted here that for empirical mathematical evaluation, we also assume BF (and thus
MO. and DOy) is time-invariant. While this holds for the steady-state approximation, this
equation does not hold faithfully represent unsteady-state conditions. Regardless, the differential

equation in 2.5 is solved in the next several equations.

14 J d10] = J dt 2.6
DO, — BF[0,] — MO, '
In(DO, — BF[0,] — MO
, 0, _B[Fz] 2)=t+C 57
BF
DO, — BF[0,] — MO, = Ce V" 2.8
1 _BF,
[0,] = E(Doz MO0, —Ce™ 7V ) 2.9

Using the initial condition, t=0, [O2] is equal to some initial concentration ([O20]), the

integration constant is given as



C = DO, — MO, — BF[0,,] 2.10
Substituting this constant into the original equation yields [O2] as a function of time, V, BF, DOy,

MO, and [O2].

1 BF
[0;] = BF [DOZ — MO0, — (DO, — MO, — BF[OZO])e_vt 2.11
This relationship may be rearranged to solve for MO..
_BF, _BF,
Do, (1 eV ) _ BF[0,] + BF[Oy,]e”7
MO, = — 2.12
1—e 7t

This is an equation for MO in the non-steady state, assuming that V, BF and DO>
(containing [O24]) are time-invariant. However, it’s commonly of interest to evaluate at steady
state conditions (i.e., t—o0):

MO, = DO, — BF[0,] 2.13
Recall assumption 5 (well-mixed model) and the definition of DO>, allowing us to express MO>
using arterial and venous oxygen concentrations:
MO, = BF([024] — [02v]) 2.14
This is a derivation of Fick’s 1 Law which states that flux is equal to the negative product of the
diffusion coefficient and the first derivative of solute concentration.*® Thus, in our simplified
model, MO can be calculated as the product of retinal blood flow and the arteriovenous oxygen

concentration difference.

Markers of Retinal Oxygenation
As discussed in the introduction, retinal oxygenation is most directly assessed using

oxygen-sensitive microelectrodes or PLI to measure retinal tPO.. However, these techniques are



highly invasive or rely on the injection of oxygen-sensitive molecules, rendering them unsuitable
for human study. Therefore, retinal oxygenation in humans is assessed by vascular and tissue
markers of retinal oxygenation. Vascular markers include D and SO, and tissue markers include

OEF.

OEF represents the ability of a tissue to extract oxygen from its blood supply to satisfy
metabolic activity. Under steady state conditions, OEF quantifies the ratio of MO to DO> and
has been assessed in the human brain?” 44 %® and rat retina.?8 46

Mo,

OEF =
DO,

2.15

It is worth noting that we assume all oxygen extracted from the vasculature is ultimately
metabolized. However, realistically, some oxygen may be lost to the vitreous*’ through diffusion
and thus the MO, term may slightly overestimate actual metabolized oxygen.

We expand MO and DO> according to the mathematics from the previous section to

yield,

BF[0,,](1 - “7t) - BF[0,y] + BF[0,,] e
oEF = 2% _ > i i o 2.16
- - BF '
Do, BF[0,,] (1 - e‘7f>

Recall, that this relationship given by the ratio of MO to DO- only applies to steady state
conditions (namely, t—o), thus,

MO 0 — (0
OEF — 2 — [ ZA] [ ZV] 217
DO, [024]

Here, the arterial and venous oxygen concentration terms account for both hemoglobin-bound
and hemoglobin-unbound oxygen that is present in the blood. In general, [O2] terms may be

expressed as,



[0,] = Oppmax * [Hgb] * SO, + k * PO, 2.18
where O2max IS the maximum oxygen carrying capacity of hemoglobin, [Hgb] is the measured
hemoglobin concentration, SO is the oxygen saturation in percent, and k is the oxygen solubility
in blood. Since k is small (0.003 mLO, dL*mmHg™),*® oxygen content is closely approximated
by the hemoglobin-bound oxygen alone. Equation 2.17 is rewritten as

MO; _ (Ozmax * [Hgb] * S054) — (Oymax * [Hgb] * SO4y)

2.19
DOZ (OZmax * [Hgb] * SOZA)

OEF =

where SO2a and SOy are the arterial and venous oxygen saturations, respectively. Simplifying,
we write the final expression for calculation of OEF.

MOZ _ SOZA _SOZV
DO,  SO,,

OEF = 2.20

Thus, under steady state, OEF can be calculated by SO.a and SOy alone, without direct
measurement of retinal BF and used to provide information on the ratio of MO to DO,.1¢ %
This relationship is valid for any tissue with the simplified modeling as provided in the previous
section and may be applied to the inner retina. As described before, the retinal vasculature
primarily provides oxygen to the inner retina. Thus, measuring SO2a and SO2v from the retinal
vasculature can provide information on the ratio of inner retinal MOz and DOs. In this thesis,
SO2a and SOy are concerning the retinal vasculature and OEF, MO, and DO are concerning

the inner retina tissue.

Oximetry
Oximetry is a method to assess the oxygen saturation of hemoglobin in blood and was
developed from spectrophotometry — the non-invasive study of chemical-based absorptivity.

This technique utilizes the difference in absorption spectra between oxygenated hemoglobin and

10



de-oxygenated hemoglobin to determine the relative saturation of blood. Figure 2.2 indicates the
absorption spectra for human adult hemoglobin.

20

deoxygenated

15 oxygenated
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Figure 2.2 Absorption spectrum of deoxygenated hemoglobin, oxygenated hemoglobin,
and the difference between the two (oxy-deoxy) in adult humans. Intersection between the
difference curve and dashed line (0-absorption reference) indicates wavelengths where
oxygenated and deoxygenated absorption are equal (isosbestic wavelengths). All data
adapted from Zijlstra et al.*°

Retinal oximetry is commonly performed by acquiring retinal reflectance images using
two wavelengths, one that is “insensitive” to oxygenation (i.e., at an isosbestic point, a
wavelength where absorptivity does not change between deoxygenated and oxygenated
hemoglobin) and one that is “sensitive” to oxygenation (a wavelength where absorptivity
changes between deoxygenated and oxygenated hemoglobin).!” An optical density (OD) is
calculated for each vessel at both wavelengths.® This calculation normalizes the retinal vessel to
the immediate surrounding tissue in an effort to account for other absorbing tissues present in the
retina. The ratio of these OD measurements (ODR) is then calculated to normalize vessel

reflectance to the isosbestic wavelength. Since ODR is linearly related to SO, a specific

empirical calibration is then derived for the imaging system and wavelengths.' %05 |t is

11



important to note that wavelengths must be carefully selected; if neither wavelength is isosbestic,
the calibration from ODR to SO, becomes nonlinear, complicating calibration.!” Regardless,

oximetry is a technique for non-invasive measurement of SO2 in vasculature.

Phosphorescence Lifetime Imaging

Phosphorescence lifetime imaging (PLI) is an optical imaging technique to measure
oxygen tension (PO2). This technique utilizes an oxygen-sensitive molecule (oxyphor) whose
phosphorescence is variably quenched depending on the surrounding oxygen concentrations.
Thus, increasing oxygen concentrations results in shorter phosphorescence lifetimes (i.e., more
rapid decay of the phosphorescence).>? Phosphorescence lifetime can be measured in two ways:®
1) in the temporal domain, or 2) in the frequency domain. In the temporal domain, the oxyphor
is excited by a light impulse and the exponential decay in phosphorescence is measured over
some finite time (microseconds).>® >4 In the frequency domain, both the excitation light and
camera intensifier are modulated temporally to produce sinusoidally-varying excitation light
relative to the camera sensor. This excitation light then produces phosphorescence emission at
the same modulation frequency, but at some phase delay relative to the excitation light, which is
related to the phosphorescence lifetime.® * Regardless of which approach is used, the

phosphorescence lifetime is then related to PO using the Stern-Volmer equation,>

o= L (1 1) 22
Z_KQT To 3

where Kgq is the quenching constant of the oxyphor (mmHg*us™), 1 is the phosphorescence

lifetime (us) and 1o is the lifetime in a zero-oxygen environment.
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PO2 can be calculated wherever the oxyphor can be delivered and imaged in the presence
of oxygen. Multiple previous studies have measured retinal vascular PO2 using an albumin-
bound pd-porphyrin molecule (oxyphor R0).3> %658 Additionally, it is also possible to measure
PO; in extra-vascular tissues, using another oxyphor that is not albumin-bound (oxyphor R2).%°

For example, this oxyphor has been injected intravitreally and used to image retinal tPO2.%’
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1. AMETHOD FOR SIMULTANEOUS ASSESSMENT OF RETINAL
OXYGENATION MARKERS IN RESPONSE TO DIFFUSE LIGHT FLICKER

STIMULATION IN HUMANS

(Parts of) this chapter was (were) previously published as: Anthony E. Felder, Justin Wanek,
Norman P. Blair, Mahnaz Shahidi; Inner Retinal Oxygen Extraction Fraction in Response to

Light Flicker Stimulation in Humans. Invest. Ophthalmol. Vis. Sci. 2015;56(11):6633-6637.

Introduction

Retinal oxygenation is highly regulated to ensure visual function. Therefore, assessment
of retinal oxygenation is vital to understanding retinal function in health and disease. In humans,
vascular markers of retinal oxygenation — retinal vessel diameter (D), retinal vessel oxygen
saturation of hemoglobin (SO,) — are commonly measured non-invasively.1# 216062 |n addition
to measuring D and SO at baseline conditions (i.e., steady-state), previous studies have also
characterized the functional response of these markers to the physiological challenge of diffuse
light flicker stimulation (DLFS). The effect of DLFS on retinal vascular oxygenation markers
can provide information on how the retinal vasculature accommodates physiological challenges
in health and disease. DLFS has been shown to increase neural activity, augmenting D,?? retinal
blood flow (BF)? and SO,v.2 However, vascular markers cannot directly provide information
on the retinal tissue and the state of its oxygenation.

Recently, OEF has been introduced as a novel tissue marker of retinal oxygenation,?’: 28
but OEF has not been previously reported in human retina. OEF can provide knowledge of how

retinal oxygenation is regulated in health and disease and, at steady state conditions, quantifies
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the ratio of inner retinal oxygen metabolism (MO2) to oxygen delivery (DO2) without measuring
BF.28 Moreover, the effect of DLFS on OEF has not been reported in humans and can provide
information on the ability of the retinal circulation to address changes in the metabolic demand
of the retinal tissue.

In the current chapter, a novel optical imaging system for simultaneous measurement of
retinal oxygenation markers (D, SO. and OEF) before and during DLFS in humans is
demonstrated. We tested the hypothesis that OEF remains unchanged during DLFS, indicating
that DLFS-induced changes in MO> are met in equal magnitude by changes in DOz in healthy

human subjects.

Materials and Methods
Subjects

The research study was approved by an Institutional Review Board at the University of
Illinois at Chicago. Prior to enrollment, the research study was explained to the subjects and
informed consents were obtained according to the tenets of the Declaration of Helsinki. A total
of 20 healthy subjects (age: 53 + 17 years; 11 male, 9 female) participated in the study.
Exclusion criteria were abnormal retinal examination, history of eye disease or refractive error >
6 diopters. Subjects’ pupils were dilated using 1% tropicamide and 2.5% phenylephrine.
Subjects were seated in front of the modified slit lamp biomicroscope with their heads resting on
a chin and forehead support. A light emitting diode was presented to the fellow eye as a fixation
target. Subjects were continuously light adapted during imaging. Imaging was performed in one
eye of each subject. In four subjects, three sets of repeated images were acquired before DLFS

to determine the reproducibility of measurements.
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Instrumentation

A novel optical imaging system was developed to coordinate measurement of D, SO, and
OEF with DLFS (Figure 3.1). Aslit lamp biomicroscope (Zeiss, Jena, Germany) was modified
to accommodate a rapid-switching filter wheel (Thorlabs, Newton, New Jersey) and triggered
light block. The filter wheel contained three bandpass filters to provide retinal illumination
using light at 606 + 5 nm, 570 £ 5 nm and 530 £ 5 nm wavelengths (Edmund Optics, Barrington,
New Jersey). Light at 606 and 570 nm wavelengths was used to acquire retinal reflectance
images at oxygen-sensitive and oxygen-insensitive wavelengths,*® respectively. Light at 530nm
was used during image alignment and DLFS to elicit a maximal vasodilatory response.?% 63
DLFS was provided by modulating 530 nm wavelength at 10 Hz with 50% duty cycle. All
images were acquired using an electron multiplying charge coupled device camera (QImaging,
Surrey, British Columbia). A customized control software was developed in LabView (National
Instruments, Austin, TX, USA) and incorporated an Arduino microprocessor (Arduino, lvrea,

Italy) to coordinate filter wheel rotation, DLFS and image acquisition.
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Figure 3.1 Schematic of the novel optical imaging system for simultaneous assessment of
retinal vessel diameter, oxygen saturation of hemoglobin and inner retinal oxygen
extraction fraction before and during diffuse light flicker stimulation. Thick lines indicate
hardware connection and thin lines indicate the optical beam path.

Imaging Protocol

Subjects were seated at the modified slit lamp and image alignment was performed for
less than two minutes using light at 530nm (45 W) while room lights were turned off. Before
DLFS, nine retinal reflectance images were acquired at 606 nm (230 pW) and 570 nm (180 uw)
within three seconds. DLFS was then provided for 60 seconds using 530 nm light (25 pW). At
the end of 60 seconds, retinal reflectance images were again acquired at 606 and 570 nm during

continuous flicker using roughly 50% of the light power compared to before DLFS.

Image Analysis

Images from before and during DLFS were visually inspected to remove those containing
low contrast, blinking, or large subject motion. Remaining images were registered using ImageJ
(National Institutes of Health, Bethesda, MD, USA) and then averaged to generate a mean image
at 606 and 570 nm wavelengths (imagesos and imageszo, respectively) before and during DLFS.
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Mean images were then manually registered. Our previously reported customized software for
retinal vessel image analysis®* was modified for use here. A circumpapillary region of interest
(ROI) which extended from one to two disc diameters from the perimeter of the optic disc, was
selected. Retinal vessels within the ROI were segmented using a Hessian-based Frangi
“vesselness” filter® and a centerline was generated for each using a Euclidian distance
transformation. Perpendicular intensity profiles (PIP) from both mean images were generated
every seven pixels along the centerlines.

Retinal D was measured using the full-width half maximum of PIPs from imageso,
according to the method a previous study.®® Measurements of D were superimposed on the
imageszo and gross boundary errors were manually eliminated after visual inspection (Figure 3.2
Left). Measurements of D were averaged per vessel and again per vessel type to yield an
average arterial and venous D (Da and Dv, respectively) for each subject. Da and Dy in units of
micrometers were calculated using a constant calibration factor of 6.63 um/px, which was
derived based on previously published optic disk size in healthy human subjects.5’

For each vessel within the ROI, optical densities (OD) were calculated using PIPs at both
mean images. OD was calculated as 10g (loutside/ linside), Where loutside and linsice are the average
pixel intensity values outside and inside the vessel along a PIP, respectively.® Here, linsize Was
measured using the lowest 50% of intensity values to help minimize the effect of specular
reflection.? louside Was measured using a percentage of background pixels located at the minima
of the PIP second order derivative.%® Optical density ratios were calculated as ODgos/ODs70,
where ODgos and ODs7o were the OD measurements from imagesso and imageszo, respectively.*®
There is a known artificial relationship between optical density ratio and vessel diameter, which

was corrected using the calibration methodology from a previous study.!! Corrected optical
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density ratio values were converted to SO by linear regression' 1’ using previously published
SOz values in healthy human subjects (Figure 3.2 Right).%8 Measurements of SO, were averaged
per vessel and again per vessel type to yield an average arterial and venous SO2 (SO2a and SOy,

respectively) for each subject.

[ ]
50 60 70 80 90
Figure 3.2 Example of a retinal reflectance image acquired in a healthy human subject

using 570 nm light. Vessel boundaries within the circumpapillary region of interest (green
circles) are indicated in red (Left). Mean oxygen saturation of hemoglobin (measured in
percentage) for each vessel within the circumpapillary region of interest is overlaid on the
retinal image in pseudocolor (Right).

Oxygen Extraction Fraction
As outlined in the background section, under steady state conditions, inner retinal OEF
quantifies the ratio of inner retinal oxygen metabolism (MO) to inner retinal oxygen delivery

(DO2) and was calculated as ((SO2a-SO2v)/SO24), independent of BF.

The Effect of DLFS
To study the effect of DLFS on markers (Da, Dv, SO2a, SO2v and OEF), the fractional
changes in markers were assessed as the ratio of the metric value during DLFS to before DLFS.

Marker ratios were denoted by the inclusion of an ‘R’ to the metric name. For example, the
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DLFS-induced change in Da (DaR) was calculated as Da_during bLFS/DA_before DLFs. Marker ratios

(DaR, DvR, SO24R, SO2vR and OEFR) were calculated for each subject.

Data Analysis

Reproducibility of measurements was determined by coefficient of variation and
intraclass correlation coefficients from three repeated measurements before DLFS in four
subjects. A mean and standard deviation (SD) of marker values before and during DLFS were
calculated. Similarly, a mean and SD of marker ratios were calculated. The effect of DLFS was

determined by paired t-test. Statistical significance was accepted at P < 0.05.

Results
Coefficients of variation and intraclass correlation coefficients for marker values before

DLFS (N = 4) are summarized in Table 3.1.

TABLE 3.1 COEFFICIENT OF VARIATION AND INTRACLASS CORRELATION
COEFFICIENT OF REPEATED RETINAL OXYGENATION MARKER MEASUREMENTS
BEFORE DIFFUSE LIGHT FLICKER STIMULATION

Marker Coefficient of Variation (%) | Intraclass Correlation Coefficient
Da (1m) 2.1 0.85
Dv (um) 1.3 0.99
SO2a (%) 1.6 0.96
SOav (%) 3.9 0.93
OEF 4.9 0.83

Marker values before and during DLFS are summarized in Table 3.2. As expected, Dv
was larger than Da and SO2a was greater than SO2y. Da and Dy significantly increased with

DLFS (P < 0.001) by an average of 7 and 6%, respectively. SO.a did not significantly change
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with DLFS (P = 0.5) whereas SOy significantly increased (P = 0.004) by an average of 10%.

Correspondingly, OEF significantly decreased (P = 0.001) by an average of 14%.

TABLE 3.2 EFFECTS OF DIFFUSE LIGHT FLICKER STIMULATION (DLFS) ON

RETINAL OXYGENATION MARKERS IN HEALTHY HUMAN SUBJECTS

Marker Before DLFS | During DLFS | P-Value | Marker Ratio
Da (um) 84+7 90+8 <0.001 1.07 £0.05
Dv (um) 109 + 17 115+ 16 <0.001 1.06 £0.04
SO2a (%) 92+6 92+6 0.5 0.99 £ 0.04
SO2v (%) 58 + 10 53+9 0.004 1.10£0.16
OEF 0.37£0.08 0.31+£0.07 0.001 0.86 £0.19

Discussion

In the current chapter, inner retinal OEF was determined before and during DLFS in
human subjects for the first time, using a custom designed optical imaging system. OEF
decreased with DLFS, indicating the DLFS-induced change in DO> exceeded that of MO, thus
our hypothesis was rejected.

Values of retinal oxygenation markers were repeatable to within 5%. As expected, Dv
was significantly larger than Da, and SO2a was significantly greater than SO2v. Both Da and Dy
significantly dilated with DLFS, in agreement with previous studies.?® 2> 571 Fyrthermore,
S04 did not significantly change with DLFS, while SO2v significantly increased, consistent
with the findings of a previous study.?® Therefore, our optical imaging system was able to detect
the physiological perturbations caused by DLFS.

In the current study, mean OEF before DLFS was 0.37, indicating that 37% of oxygen
available from the retinal circulation was extracted for inner retinal oxygen metabolism. This
value is comparable to those from previous studies in human brain (0.44)?” and rat inner retina

(0.46).22 Mean OEF during DLFS was 0.31, resulting in an OEFR less than unity. This result
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indicates the DLFS-induced change in DO exceeded that of MO2. The change in DO likely
occurs due to an increase in BF during functional hyperemia as supported by our finding of
vasodilation. Although the exact vaso-regulatory mechanisms’>"* involved in functional
hyperemia remain to be elucidated, they result in unequal alterations in DO and MO>. This may
be necessary to raise venous capillary PO> in order to drive oxygen to regions of the retina which
are farther away from the blood vessels.

Recently, efforts have been made to directly quantify MO: in humans using combined
measurements of SOz and BF.” Although, DLFS has been shown to increase MOz in animals,’®
" its effect on MOz in humans had not been reported at the time of this study. From the results
in the current chapter, namely OEFR, we cannot provide absolute measurement of the DLFS-
induced changes in MO or DO.. However, using our results in addition to that of a previous
study, it is possible to estimate these changes. Thus, we rewrite Equation 2.20 to express OEFR
using MO2R and DO2R. DO2R can then be expressed as the product of BFR and SO2aR. Hence,
MO:2R is given by:

MO,R = OEFR * DO,R = OEFR * BFR * SO,,R 3.1
Using our values of mean OEFR (0.86) and SO2aR (0.99), and the value of BFR (1.59) measured
in retinal vasculature by Garhofer et al,?® we can estimate both MO2R and DOzR. Thus, we
reason that MO> would increase by 35% (MO2R = 1.35) and DO> would increase by 57% (DO2R
= 1.57) during DLFS. Indeed, shortly after the publication of this work, a study by Palkovits et
al?* directly measured a MO2R of 1.35 and a DO2R of 1.56 in humans, consistent with our
estimations. Thus, a decrease in OEF during DLFS corresponds to an DLFS-induced increase in

MO and even greater increase in DO..
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While inner retinal OEF was used to quantify the ratio of MO to DO; based on oxygen
saturation measurements in the retinal circulation, it inherently does not account for the potential
contribution of oxygen supply from the choroidal circulation. Hence, measurements of OEFR
may have been influenced by DLFS-induced changes in the relative proportion of the retinal
mass supplied by the retinal and choroidal circulations. This relative proportion is determined by
oxygen gradients through the retinal depth, which depend on oxygen consumption rates of the
inner and outer retina, inner retinal oxygen delivery, and choroidal oxygen delivery. Therefore,
without empirical data on intraretinal oxygen tension profiles during DLFS, the effects of dual
circulatory beds on OEFR measurements remain to be elucidated.

There were several limitations to this work. First, as with all optical imaging techniques,
image quality may affect measurements. However, the reproducibility of measurements was
sufficient for detection of changes due to DLFS. Second, mean light levels before and during
DLFS were not matched. A reduction in the mean light level during the 1-minute duration of
DLFS may have induced a small change in the photoreceptor oxygen consumption. However,
this change is primarily addressed by the choroidal circulation. Therefore, the reduction in mean
light levels between image alignment and DLFS is expected to minimally influence
measurements of OEFR which predominately reflects the retinal circulation and inner retinal
neural activity. Third, the effects of pigmentation on measurements of SO2*! and optical
properties on measurements of D were not addressed. However, since DLFS-induced changes
were evaluated within subjects and the statistical significance of the differences was high, these
factors likely contributed minimally to the results. Fourth, absolute measurements of MO> and
DOz were not possible since BF was not measured, but their ratio was derived based on

measurements of OEF. Consequently, the findings based on OEFR measurements cannot
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directly address the adequacy of DLFS-induced compensatory changes in BF in response to
tissue need.

In summary, a novel optical imaging system was developed for the simultaneous
measurement of retinal oxygenation markers before and during DLFS. As indicated by the
measured decrease in OEF, the DLFS-induced change in DO exceeded that of MO in healthy

human subjects.

24



IV. THE EFFECTS OF DIABETIC RETINOPATHY STAGE AND DIFFUSE LIGHT

FLICKER STIMULATION ON RETINAL OXYGENATION MARKERS

(Parts of) this chapter was (were) previously published as: Anthony E. Felder, Justin Wanek,
Norman P. Blair, Charlotte E. Joslin, Katherine C. Brewer, Felix Y. Chau, Jennifer I. Lim,
Yannek I. Leiderman, Mahnaz Shahidi; The Effects of Diabetic Retinopathy Stage and Light
Flicker on Inner Retinal Oxygen Extraction Fraction. Invest. Ophthalmol. Vis. Sci.

2016;57(13):5586-5592.

Introduction

Diabetic retinopathy (DR) is a progressive vascular disorder and the leading cause of
vision loss in working-age adults.”® ® Thus, the study of DR and its effect on retinal
oxygenation markers is of critical importance. Previous studies have reported that DR
significantly affects retinal vessel diameter (D)% ® and oxygen saturation of hemoglobin (SO,).*
® Moreover, studies have demonstrated that changes in D are related to the incidence®> 8 and
progression of DR.2% In addition to changes in D and SO at baseline, previous studies have
evaluated the effect of diffuse light flicker stimulation (DLFS) on these markers in DR. DR has
been shown to significantly reduce the DLFS-induced responses in D848 and SO2® compared to
healthy subjects.

However, neither the inner retinal oxygen extraction fraction (OEF) nor its DLFS-
induced changes have been reported at stages of DR. OEF at stages of DR can provide

information on how DR affects inner retinal oxygen metabolism (MQO) relative to inner retinal
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oxygen delivery (DO2). Furthermore, measurements of D and SO as well as their responses to
DLFS in DR are typically not assessed simultaneously, potentially affecting results due to inter-
test variability. Simultaneous assessment of retinal oxygen markers (D, SO2, and OEF) and their
responses to DLFS at stages of DR may be useful to elucidate the pathophysiology of DR.
Therefore, in the current chapter, we tested the hypothesis that retinal oxygenation markers and

their responses to DLFS are altered at stages of DR.

Materials and Methods
Subjects

The research study was approved by an Institutional Review Board at the University of
Illinois at Chicago. Prior to enrollment, the research study was explained to the subjects and
informed consents were obtained according to the tenets of the Declaration of Helsinki. A total
of 130 subjects participated in the study. Subjects were classified by clinical retinal examination
as normal control without diabetes (NC; N = 42) or diabetic without retinopathy (NDR; N = 32),
with non-proliferative retinopathy (NPDR; N = 42) or proliferative retinopathy (PDR; N = 14).
Due to the aggressive nature of the disease, all PDR subjects had received panretinal
photocoagulation (PRP) treatment prior to imaging. Exclusion criteria included history of stroke
or myocardial infarction within 3 months prior to imaging, active angina, sickle cell disease,
glaucoma, age-related macular degeneration, retinal vascular occlusion, refractive error > 6
diopter, or intraocular surgery within 6 months prior to imaging.

Subjects’ pupils were dilated using 1% tropicamide and 2.5% phenylephrine and subjects
were seated in front of the modified slit lamp biomicroscope with their heads resting on a chin

and forehead support. A light emitting diode was presented to the fellow eye as a fixation target.
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Subjects were continuously light adapted during imaging. Imaging was performed in one eye of

each subject, based on exclusion criteria.

Instrumentation

The optical imaging system for simultaneous measurement of retinal oxygenation
markers before and during DLFS as described in Chapter 3 was used here.'® Briefly, a rapid
switching filter wheel was fitted with three bandpass filters and incorporated into a slit lamp
biomocrscope to provide retinal illumination at 570, 606 and 530 nm wavelengths. Light at 570
and 606 was used for oximetry, serving as the oxygen-insensitive and oxygen-sensitive
wavelengths, respectively. DLFS was provided by attenuating light at 530 nm at 10 Hz with
50% duty cycle for 60 seconds. Images from 606 and 570 nm wavelengths were registered using
an automated algorithm and averaged to generate a single mean image at each wavelength. A
circumpapillary region of interest extending between one and two disc radii from the perimeter
of the optic disc was selected. Measurements of D and SO2 from each vessel within this
circumpapillary region of interest were averaged to yield a mean Da, Dv, SO2a and SO2y. These
mean values were determined for each subject before and during DLFS stimulation. Inner retinal
OEF was calculated as ((SO2a-SO2v)/SO24). As described in Chapter 3, DLFS-induced retinal
oxygenation marker ratios (DaR, DvR, SO2aR, SO2vR and OEFR) were calculated by dividing

the value of the marker during DLFS by the value before DLFS.

Data Analysis
The distributions of markers were evaluated to assess data normalcy and identify

outliers.®” Regression diagnostics including Cook’s distance were performed to assess the linear
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relationship between DR stage and each metric to identify data points that were outliers, had
leverage, or were influential. Three outliers were identified, which were removed from further
analyses. Subsequent testing for each metric indicated normalcy. The effect of DLFS on
measurements of markers within each DR stage group (an intragroup comparison) was
performed by paired t-test using marker values before and during DLFS. Descriptive statistics
were compared for demographic variables using the y? test and t-tests. The independent effects of
DR stage group (an intergroup comparison) on measurements of markers before DLFS and
marker ratios were assessed using linear regression analysis. Multivariable linear regression®®
models were constructed using a priori-selected covariates (age, race, sex, eye examined) from
univariate models to compute the parameter estimates and 95% confidence intervals. All
statistical tests were two-sided and significance was accepted at P < 0.05. All statistical analyses

were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA).

Results
Demographic data for subjects are presented in Table 4.1. The distribution of races
differed significantly among DR stage groups (P < 0.001). Mean ages were not significantly

different among DR stage groups (P = 0.2).
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RETINOPATHY (DR) STAGE GROUP

TABLE 4.1 CHARACTERISTICS OF SUBJECTS STRATIFIED BY DIABETIC

Total NC NDR NPDR PDR
P-value?
(N=130) | (N=42) | (N=32) | (N=42) | (N=14)
Male 48 14 10 19 5
Sex Female 82 28 22 23 9 059
African American 51 5 21 19 6
Race White 50 33 5 9 3 <0.001
Hispanic 29 4 6 14 5
<30 2 1 0 0 1
30-39 9 2 3 3 1
Age 40-49 22 7 6 5 4 0.33
(years) 50-59 38 10 9 15 4 '
60-69 43 12 10 17 4
>70 16 10 4 2 0
oD 86 29 22 25 10
Eye 0s 44 13 10 17 4 0.74

ap-values derived using chi-square test of proportions

Unadjusted means of markers before DLFS, during DLFS and the marker ratios stratified by DR

stage group are presented in Table 4.2.
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TABLE 4.2 UNADJUSTED RETINAL OXYGENATION MARKERS (MEAN % SD)
BEFORE, DURING DIFFUSE LIGHT FLICKER STIMULATION (DLFS) AND THEIR
DLFS-INDUCED MARKER RATIOS STRATIFIED BY DIABETIC RETINOPATHY (DR)

STAGE GROUP
Marker Flicker Condition NG NDI;R Stage GroNusDR SDR
Before DLFS 868 90+ 12 92+11 8211
Da (um) During DLFS 91 + 7%* 94 + 12%* 96 + 12%* 86 + 12%*
DaR 1.07 £ 0.05 1.04 +£0.04 1.05 + 0.06 1.05 £ 0.05
Before DLFS 106 + 15 107 £ 15 110 £ 15 105+ 11
Dv (um) During DLFS 112 + 15** 112 + 15** 115 £+ 15** 110 £ 10**
DvR 1.06 + 0.04 1.05+0.03 1.04 £ 0.05 1.05+0.04
Before DLFS 92+6 96 +5 98 +7 108 + 8
SO2a (%) During DLFS 92+5 95+6 977 107 =7
SO2aR 1.00 £ 0.04 0.99 +£0.04 0.99 +£0.04 0.99 +£0.03
Before DLFS 60+9 61+7 66 + 7 66 +7
SO2v (%) During DLFS 64 + 7** 65 + 5** 67 + 8* 70 £ 6**
SO2vR 1.09+0.14 1.07+£0.11 1.02 £ 0.08 1.06 + 0.06
Before DLFS 0.36 +0.08 0.36 £ 0.07 0.33+0.07 0.38+0.09
OEF During DLFS 0.30 £ 0.06** | 0.32+0.05** | 0.31+0.07** | 0.34+£0.08**
OEFR 0.87+0.15 0.89+0.12 0.96 +0.15 0.89 +0.08

*P-values < 0.1; p-values derived using paired t-tests
**P-values < 0.05; p-values derived using paired t-tests

Unadjusted D, SO> and OEF before and during DLFS are shown in Figures 4.1, 4.2 and 4.3,

respectively.
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Figure 4.1 Mean retinal arterial (A) and venous (B) diameter measurements before

and during diffuse light flicker stimulation in each diabetic retinopathy stage group.
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Figure 4.2 Mean retinal arterial (A) and venous (B) oxygen saturation of
hemoglobin before and during diffuse light flicker stimulation in each diabetic retinopathy
stage group.
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Figure 4.3 Mean inner retinal oxygen extraction fraction before and during diffuse
light flicker stimulation in each diabetic retinopathy stage group.
For the adjusted model, means of markers and marker ratios were statistically adjusted to adjust

for covariates (age, race, sex, eye examined).

Effect of DR Stage: Intergroup Comparison

Differences in estimated means of markers before DLFS between DR stage groups are
provided in Table 4.3. Da was larger in NPDR compared to both NC and NPDR subjects (P <
0.01). Additionally, Da was larger in NDR compared to PDR subjects (P = 0.02). Dv did not
differ among DR stage groups (P > 0.16). SO2a was higher in all DR stage groups compared to
NC subjects (P <0.02) and was higher in PDR compared to NDR and NPDR subjects (P <
0.001). SO2v was higher in NPDR and PDR compared to NC (P <0.01) and NDR subjects (P <
0.02). OEF was lower in NPDR compared to NDR and PDR subjects (P <0.002). OEF tended

to be lower in NPDR compared to NC subjects (P = 0.07).
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TABLE 4.3 DIFFERENCES IN ESTIMATED MEANS OF RETINAL OXYGENATION
MARKERS BEFORE DIFFUSE LIGHT FLICKER STIMULATION BETWEEN EACH
DIABETIC RETINOPATHY (DR) STAGE GROUP AND A REFERENCE GROUP

Marker | Reference NDR DR Slt\lagggroup PDR
NC NS 5.4*%* NS

DA (um) NDR NS -7.0**
NPDR -9.2**

NC NS NS NS

Dv (um) NDR NS NS
NPDR NS

NC 3.5%* 5.6** 16.3**

SO2a (%) NDR NS 12.8%*
NPDR 10.7**

NC NS 6.1** 6.9**

SOav (%) NDR 5.3** 6.1**
NPDR NS

NC NS -0.03* NS

OEF NDR -0.04** NS

NPDR 0.06**

*P < 0.1; multivariable linear regression, adjusted for age, race, sex, and eye examined
**P < 0.05; multivariable linear regression, adjusted for age, race, sex, and eye examined

Effect of DLFS: Intragroup Comparison

Da and Dv increased during DLFS in all DR stage groups (P <0.004). SO2a did not
change with DLFS (P > 0.1), whereas SOzv increased in NC, NDR and PDR subjects (P <
0.003). The increase in SO2v approached significance in NPDR subjects (P = 0.07). According
to changes in SO2v coupled with no change in SO2a, OEF decreased with DLFS in all DR stage

groups (P <0.03).

Effect of DLFS: Intergroup Comparison
Differences in estimated means of marker ratios between DR stage groups are provided

in Table 4.4. DaR tended to be decreased in NDR compared to NC subjects (P = 0.09) and DvR
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tended to be decreased in NPDR compare to NC subjects (P = 0.09). SO2aR did not vary among
DR stage groups (P > 0.18), whereas SO2vR was decreased in NPDR compared to NC and NDR
subjects (P < 0.05). Correspondingly, OEFR was increased in NPDR compared to NC and NDR

subjects (P <0.03).

TABLE 4.4 DIFFERENCES IN ESTIMATED MEANS OF RETINAL OXYGENATION
MARKER RATIOS BETWEEN EACH DIABETIC RETINOPATHY (DR) STAGE GROUP

AND A REFERENCE GROUP
i : DR Stage Grou
Metric Ratios | Reference —r—r NF?DR p —
NC 20.02% NS NS
DR NDR NS NS
NPDR NS
NC NS -0.02* NS
DVR NDR NS NS
NPDR NS
NC NS NS NS
SO2R NDR NS NS
NPDR NS
NC NS -0.07** NS
SOaR NDR 20.05% NS
NPDR =
NC NS 0.08** NS
OEFR NDR 0.08% NS
NPDR NS

*P < 0.1; multivariable linear regression, adjusted for age, race, sex, and eye examined
**P < 0.05; multivariable linear regression, adjusted for age, race, sex, and eye examined

Discussion

Using our previously developed optical imaging system, simultaneous measurements of
retinal oxygenation markers were obtained before and during DLFS in non-diabetic control and
diabetic subjects at stages of DR. Before DLFS and DLFS-induced responses of markers were

compared after adjusting for age, race, sex, and eye examined. The results confirmed our
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hypothesis that retinal oxygenation markers and their light DLFS-induced responses are altered
at stages of DR. Da was increased in NPDR and PDR and the DLFS-induced vasodilatory

responses tended to be decreased in NDR and NPDR. SO2a and SO2v were increased in NDR,
NPDR and PDR and SO2vR was diminished in NPDR. Correspondingly, OEF and OEFR were

decreased in NPDR subjects.

Effect of DR Stage: Intergroup Comparison

Da was significantly larger in NPDR as compared to NC and PDR subjects. This finding
is consistent with previous studies which found that retinal arterial dilation is related to the
incidence of DR 8389 However, Dy was not significantly different among DR stage groups in
the current study, in contrast to the findings of Klein et al®® and Kifley et al,® who reported that
dilation of retinal veins was related to DR progression. The discrepancy between these results is
likely due to the smaller sample size in the current study, study design and differences in
covariate corrections. SO2a was higher in all DR stage groups compared to NC subjects.
Additionally, SO2a was higher in PDR compared to NDR and NPDR subjects. SO,y was higher
in NPDR and PDR compared to NC and NDR subjects. These findings are in agreement with
previous studies which found increased SO2a and SO2v in DR* % and increasing SO2v with DR
progression.> %0 9

In NPDR subjects, OEF was significantly lower compared to NDR and PDR, and tended
to be lower than NC subjects. Since OEF is defined as the ratio of MOz to DO,*® these results
indicate differences in MO, and DO». DO is determined by arterial blood oxygen content and
blood flow, which is in turn related to blood vessel diameter. Although DO> was not directly

measured here, DO, was likely increased in NPDR subjects since Da was larger, consistent with
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previous reports of increased retinal blood flow.*> *3 On the other hand, MOz may have been
reduced during NPDR. Retinal hypoxia is implicated in DR, % which depending on severity,
may cause a reduction in MO as shown under severe hypoxia in rats.®® However, since direct
measurement of MO has not previously been reported in DR subjects, a decrease in MO is only
speculative. Therefore, it seems likely that the observed reduction of OEF in NPDR was
primarily due to an increase in DO>. In PDR subjects, OEF was not significantly different from
that of NC subjects. Since all PDR subjects had received PRP treatment, inner retinal
oxygenation was presumably improved ° due to a loss of oxygen-consuming outer retinal tissue
and the resultant increased oxygen flux from the choroidal circulation. Thus, as a result of
increased oxygen delivery from the choroid, DOz is expected to decrease as the retinal
circulation autoregulates. Furthermore, due to the increase in oxygen availability from the
choroid and presumably less retinal tissue, inner retinal MOz is also decreased. Therefore, the
finding of similar OEF between PDR and NC subjects is consistent with decreases to both MO-

and DOs.

Effect of DLFS: Intragroup comparison

Increased Da and Dv in response to DLFS is in agreement with previous studies which
demonstrated retinal vasodilation in NC,'® 2> NDR,® % NPDR % and PDR subjects.?* SO2a
did not respond to DLFS in all DR stage groups, whereas SO»y significantly increased in NC,
NDR and PDR subjects and tended to increase in NPDR subjects. These results are in agreement
with previous studies which found DLFS did not change SO2a and increased SOy in NC16 2
and NPDR subjects.®> OEF decreased with DLFS in all DR stage groups, consistent with the

findings from Chapter 3.1 A decrease in OEF indicates that the DLFS-induced augmentation in
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DO, was greater than that of MO2.1® This finding is also in agreement with a recent study by
Palkovits et al.?* which demonstrated DLFS-induced increases in DO2 (56%) exceeded that of

MO: (35%) in NC subjects.

Effect of DLFS: Intergroup Comparison

DaR tended to be lower in NDR compared to NC, in agreement with previous studies
using the Dynamic Vessel Analyzer.%* ° % DyR tended to be lower in NPDR compared to NC
subjects. The vasodilatory findings in the current study are not consistent with previous studies
that reported a progressive reduction in DaR% and DvR®* with DR stage. Differences in findings
may be attributed to the smaller sample size in the current study and differences in covariate
corrections.

SO24R was not different among DR stage groups, while SO2vR was lower in NPDR
compared to NC and NDR subjects, in agreement with a previous study.® One possible
explanation for this observation is based on reduced availability of oxygen to the retinal tissue in
NPDR. In the non-disease state, the retinal tissue receives sufficient oxygen and thus, during
DLFS-induced augmentations to DO>, abundant amounts of oxygen are delivered which exceed
the change in metabolic demand of the tissue.?* This results in an increase of SO,y with DLFS
and an SO2vR greater than unity. In contrast, tissue that receives insufficient oxygen will extract
more when it is made available during the DLFS-induced augmentation of DO,. This causes a
diminished increase in SO2v and a decreased SO2vR compared to normal tissue. Indeed, the
vascular pathologies of NPDR, such as capillary shunting 1% and non-perfusion on fluorescein
angiography'®® 192 indicate decreased DO-. In contrast, SO2vR was not significantly different

between NC, NDR and PDR subjects. NDR subjects likely had normal retinal oxygenation,
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supported in part by the lack of visible vascular pathologies. All PDR subjects had received PRP
treatment which likely improved their inner retinal oxygenation such that abundant amounts of
oxygen were available during DLFS resulting in an SO2vR similar to that of NC subjects.

At steady state conditions, OEFR quantifies the ratio of DLFS-induced responses in MO>
to DO without directly measuring either response. OEFR was not significantly different
between NC and NDR subjects, despite an observed trend of impaired vasodilatory response,
suggesting a diminished DLFS-induced response in DO>. Together, these results suggest a
diminished DLFS-induced response in MO prior to the development of NPDR. OEFR was
higher in NPDR compared to NC and NDR, which is likely due to a diminished DLFS-induced
response in DO, consistent with the observed trend of impaired vasodilatory response.
However, a change in the DLFS-induced response of MO; cannot be excluded. Interestingly,
both OEFR and the vasodilatory responses to DLFS were not significantly different between NC
and PDR subjects. This result suggests that PRP treatment may promote the restoration of
DLFS-induced responses in DOz and MO,

There were several limitations to this work. First, since data were acquired by optical
imaging techniques, image quality may have affected measurements. However, the system was
previously validated and shown to be capable of detecting DLFS-induced changes.'® Second,
OEF quantifies the ratio of MO to DO> and cannot directly measure either quantity due to a lack
of retinal blood flow measurements. Future studies that simultaneously measure MO, and DO>
at stages of DR are needed to elucidate the underlying reason for a reduced OEF and its DLFS-
induced response. Third, a fixed calibration factor was used to calculate vessel diameters'® and
thus did not account for variations in refractive error among subjects. However, subjects with

high refractive error, greater than 6 diopters, were excluded from the study. Furthermore, the use
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of a constant calibration did not affect diameter measurements compared within subjects or
diameter marker ratios compared between subjects. Fourth, there were variations in the clinical
history and status of DR subjects. Future studies with a larger sample size that can account for
more clinical confounding factors are needed to substantiate the current findings and reveal
differences not discernable with this sample size.

In summary, retinal vessel diameters were larger at stages of DR and the DLFS-induced
changes tended to be decreased. Oxygen saturation of retinal vessels increased at stages of DR
and SO2vR was diminished in NPDR. Correspondingly, OEF and OEFR were decreased in
NPDR, suggesting impairment of the MO, and DO> and their responses to DLFS in DR. These
findings of alterations in retinal oxygenation markers and their DLFS-induced responses may

help to elucidate the pathophysiology of DR.
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V. TECHNIQUES TO ASSESS THE TEMPORAL DYNAMIC RESPONSES OF
RETINAL OXYGENATION MARKERS TO DIFFUSE LIGHT FLICKER

STIMULATION IN HUMANS

Part 1: Modify the optical imaging system to acquire images before, during and after the

cessation of diffuse light flicker stimulation

Introduction

To date, several studies have reported the effects of diffuse light flicker stimulation (DLFS)
on retinal oxygenation markers after a specified duration of time,® * ® or averaged their temporal
dynamic responses to determine a static effect of DLFS on D and retinal blood flow (BF).2% 103-105
However, some studies have reported non-linear temporal responses of D and BF to DLFS*? 1320,
2170 or jts cessation'? 13 2125 70. 104 and one study qualitatively reported the non-linear responses
of oxygen saturation of hemoglobin (SO) to DLFS.?

These temporal dynamic responses to DLFS and its cessation indicate how the retina
accommodates physiological challenges as opposed to the static effect of DLFS, which only
provides information on a DLFS-induced steady state. However, to the best of our knowledge,
previous studies have only reported the mathematical modeling of temporal dynamic responses of
D and BF to DLFS,?!26: 106 while the temporal dynamic response of inner retinal oxygen extraction
fraction (OEF) to DLFS and its mathematical modeling has not been described.

In the current chapter, the previously developed optical imaging system for simultaneous
assessment of retinal oxygenation markers (D, SO, and OEF) with DLFS was used to assess the

temporal dynamic responses of these markers to DLFS and its cessation. From this assessment,
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we propose a mathematical model for the behavior of these temporal dynamics during DLFS. We

tested the hypothesis that retinal oxygenation markers respond to DLFS at various time-courses.

Materials and Methods
Subjects

The research study was approved by an Institutional Review Board at the University of
Illinois at Chicago. Prior to enrollment, the research study was explained to the subjects and
informed consents were obtained according to the tenets of the Declaration of Helsinki. Sixteen
healthy subjects (60 + 12 years; 5 male, 11 female) participated in the study. Exclusion criteria
were abnormal retinal examination, history of eye disease or refractive error > 8 diopter. Subjects’
pupils were dilated using 1% tropicamide and 2.5% phenylephrine and subjects were seated in
front of our modified slit lamp biomicroscope with their heads resting on a chin and forehead
support. Light from a light emitting diode was presented to the fellow eye as a fixation target.
Subjects were continuously light adapted during imaging due to the instrument’s retinal
illumination light. Imaging was performed in the right eyes of 12 subjects and the left eyes of 4
subjects. The left eye was selected because of subject’s preference (N = 2), reduced visual acuity
(N = 1) or choroidal nevus (N = 1) in the right eye. Data were excluded if the coefficient of

variation of three repeated measures of D, SO, or OEF before DLFS was greater than 0.1.

Instrumentation
The image acquisition protocol and instrument control software of the optical imaging
system described in Chapter 3'® was modified here to assess the temporal dynamic responses of

retinal oxygenation markers to DLFS and its cessation. Briefly, a slit lamp biomicroscope was
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fitted with a rapid-switching filter wheel containing bandpass filters to illuminate the retina at
multiple wavelengths. The optical imaging system provided DLFS stimulation at 10 Hz using
light at 530 nm. In the current study, retinal reflectance images at 606 nm and 570 nm wavelengths
were acquired periodically every ~13 seconds over a time-course consisting of 29 seconds before
DLFS (3 time points), 78 seconds during DLFS (6 time points) and 39 seconds after the cessation

of DLFS (3 time points). The schematic diagram of the image acquisition protocol is shown in

Figure 5.1.1.
On
Flicker
Oﬂ: _E :
Image
Acquisition
Timing 3s ; 10s :
29s i 78's 39s
Before During After

Figure 5.1.1 Schematic of the image acquisition protocol to assess the temporal dynamic
responses of retinal oxygenation markers to diffuse light flicker stimulation and its
cessation.

At each time point, nine images were acquired at two wavelengths, which were registered
and averaged to generate two mean images. These two mean images were then also registered. A
circumpapillary region of interest (ROI) extending between one and two disc radii from the

perimeter of the optic disc was selected. Measurements of D and SO, from each major vessel
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within the ROI were obtained and averaged to yield a mean retinal arterial and venous D (Da, Dv)
and SOz (SO2a, SOzv), as described in Chapter 3.1° Inner retinal OEF was calculated as ((SOza-
SO2)/SO24).16:28

Here, retinal oxygenation marker ratios (DaR, DvR, SO2aR, SO2vR, OEFR) were defined
as the marker values at each time-point divided by the mean of three repeated metric values
obtained before initiation of DLFS. For example, DaR at the first time-point during DLFS was
calculated as DA first time-point /DA mean before bLFs. Data from all time-points during DLFS and after

its cessation were converted to marker ratios for to perform analysis on normalized data.

Data Analysis

Mean and standard deviation (SD) of retinal oxygenation markers from three repeated
measurements before DLFS were determined per subject. Intra-subject variability was assessed
by coefficient of variation (SD/mean) and averaged over all subjects. Based on data in all subjects,
mean and SD of metrics before DLFS were determined and inter-subject variability was calculated
by the coefficient of variation. Marker ratios were averaged among subjects at each time-point to
generate mean temporal dynamic responses during DLFS and after its cessation. All statistical

analyses were performed using SPSS software (version 22, SPSS, Chicago, IL, USA).

Temporal Dynamic Responses to DLFS

We reasoned that, for a well-regulated system like the retina, under a physiological
perturbation like DLFS, the rate of change in a marker ratio would be inversely proportional to
the deviation of the marker ratio from its value before DLFS. In other words, marker ratio

changes occur rapidly at the initiation of DLFS and eventually slow with time as the marker ratio
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approaches its DLFS-induced steady state. Therefore, as a first approximation, we used a model
in which marker ratios changed during DLFS according to an exponential function, similar to the
approach used to evaluate the response of retinal tissue oxygen tension to changes in light
levels 3134 107,108 General shape of this exponential change in metric ratios during DLFS was

given by the following equation:
. _t
Marker Ratio(t) = A + (B * (1 —e /C)> 51.1

where t represents time during DLFS, A represents the fitted marker ratio at t=0, B represents the
difference in the fitted marker ratio from t=0 to t-> o (i.e., the maximal DLFS-induced change in
the marker ratio), and C represents the time constant, that is the time for the fitted marker ratio to
reach 1-e’ (~63%) of the maximal change. Using this notation, the sum of A and B represents
the marker ratio at the DLFS-induced steady state.

The temporal dynamic response of each marker ratio was fitted with the aforementioned
exponential function using seven data points: a pre-DLFS reference ratio (1.00) and six marker
ratio values acquired during DLFS. All data were fit using Matlab 2015 (Mathworks, Natick,

MA) to determine values of A, B, C and R?for each fitted exponential function.

Temporal Dynamic Response to the Cessation of DLFS

To elucidate the recovery of marker ratios, data acquired at each of the three time-points
after the cessation of DLFS were compared to the pre-DLFS reference ratio using one-sample t-

tests.

45



Results

Intra- and inter-subject variability of retinal oxygenation markers were within 5% and 16%,
respectively. Mean Da, Dv, SO2a, SO2v and OEF before DLFS stimulation was 86 + 7 um, 105 +
16 um, 92 + 4%, 60 + 6% and 0.35 + 0.05, respectively (N = 16). Marker ratios during and after

DLFS are provided in Table 5.1.1.
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TABLE 5.1.1 RETINAL OXYGENATION MARKER RATIOS (MEAN % SD) AT SIX TIME-POINTS DURING AND THREE

TIME-POINTS AFTER THE CESSATION OF DIFFUSE LIGHT FLICKER STIMULATION

Marker Time from Initiation of Light Flicker (s) Time from Cessation of Light Flicker (s)
Ratio 13 26 39 52 65 78 13 26 39
DaR 1.04 £0.05 1.03+0.04 1.05+0.03 1.04 £ 0.03 1.04 £ 0.04 1.06 £ 0.04 1.01+0.04 | 0.99 £0.05 0.98 £ 0.05
DvR 1.03 + 0.04 1.05+0.04 1.04 £0.04 1.05+0.05 1.05£0.05 1.07 £0.03 1.03+£0.04 | 1.02 +0.05 1.01£0.02

SO24R 1.00 £ 0.03 1.00 £ 0.03 1.00 £ 0.03 0.99 +0.02 0.99 +0.02 0.99 +0.02 1.00 + 0.03 1.00 £ 0.02 1.01+0.01

SO2vR 1.02 + 0.06 1.04 £0.04 1.04 £0.06 1.05£0.05 1.05£0.05 1.07 £0.06 1.02 £ 0.07 1.03 £ 0.06 1.01£0.05

OEFR 0.95+0.10 0.92 £0.07 0.92 £ 0.09 0.90 £ 0.08 0.90 £ 0.08 0.87 £ 0.09 0.97+£0.09 | 0.96+0.09 1.00 + 0.08
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Temporal Dynamic Responses to DLFS: DaR and DyR

Figure 5.1.2 shows the temporal dynamic responses of DaR and DvR. For both marker
ratios, the exponential function was a good fit (R?> > 0.87). From the exponential functions, the
DLFS-induced steady state values of DaR and DvR were 1.046 and 1.053, respectively, indicating
vasodilation of 5% during DLFS. Time constants of exponential fits for DaR and DvR were 14 s
and 15 s, respectively, indicating relatively rapid vasodilation in response to DLFS. Further, by
78 seconds after the initiation of DLFS, the changes in DaR and DvR had reached over 99% of

their maximal DLFS-induced changes, as indicated by their exponential fits.
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Figure 5.1.2 Marker ratio measurements of retinal arterial and venous diameter (DaR —
red circles; DvR — blue circles) during diffuse light flicker stimulation and after its
cessation. Best-fit exponential functions to both DaR (red curve) and DvR (blue curve)
during light flicker are shown. The legend provides the exponential functions and R?
values of DaR (red) and DvR (blue). Light flicker begins immediately after t=0 and the
vertical black line indicates the time of cessation of light flicker. The horizontal black line
indicates a reference ratio of 1.00.

48



Temporal Dynamic Responses to DLFS: SO2aR, SO2vR and OEFR

Figure 5.1.3 shows the temporal dynamic responses of both SO2aR and SO2vR, while
Figure 5.1.4 shows the temporal dynamic response of OEFR. The exponential functions were
excellent fits for both SO2vR and OEFR (R? > 0.93), whereas the fit for SO2aR had a lower R? of
0.77. From the exponential functions, the DLFS-induced steady state values of SO2aR, SO2vR
and OEFR were 0.99, 1.071 and 0.87, respectively. These values indicate a minimal decrease in
SO2a of 1%, an increase in SO2v of 7% and a decrease of OEF by 13% during DLFS. Time
constants of exponential fits for SO2aR, SO2vR and OEFR were 70s, 39s and 34s, respectively.
By 78 seconds after the initiation of DLFS, changes in SO2vR and OEFR from the exponential fits
had reached nearly 90% of their maximal DLFS-induced changes, whereas the change of SO2aR

had only reached 70% of its maximal change.

49



1.1

108}  SO,R =100+ (c}.[m . (1 - e"f’:a-;)); RE = 094

1.06

Marker Ratio

1.04

1.02

50,,R = 1.00 + (—u.m:sa«i (1-e -‘,.'T..)): R =077

14

Time (s)

100 120

Figure 5.1.3 Marker ratio measurements of retinal arterial and venous oxygen saturation
of hemoglobin (SO2aR - red circles; SO2vR — blue circles) during diffuse light flicker
stimulation and after its cessation. Best-fit exponential functions to both SO2aR (red curve)
and SO2vR (blue curve) during light flicker are shown. The legend provides the
exponential functions and R? values of SO24aR (red) and SO2vR (blue). Light flicker begins
immediately after t=0 and the vertical black line indicates the time of cessation of light
flicker. The horizontal black line indicates a reference ratio of 1.00.
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Figure 5.1.4 Marker ratio measurements of inner retinal oxygen extraction fraction
(OEFR - circles) during diffuse light flicker stimulation and after its cessation. A best-fit
exponential function to OEFR (curve) during light flicker is shown. The legend provides

the exponential function and R? value of OEFR. Light flicker begins immediately after t=0
and the vertical black line indicates the time of cessation of light flicker. The horizontal
black line indicates a reference ratio of 1.00.

Temporal Dynamic Responses to the Cessation of DLFS: DaR and DyR

By 13 seconds after the cessation of DLFS, DaR was not significantly different from the
pre-DLFS reference ratio (P = 0.4), whereas DvR remained elevated at 3% (P < 0.001) (Figure
5.1.2). However, for all following time-points after the cessation of DLFS, both DaR and DvR

were not significantly different from the pre-DLFS reference ratio (P > 0.07).
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Temporal Dynamic Responses to the Cessation of DLFS: SO2aR, SO2yR and OEFR

By 13 seconds after the cessation of DLFS and at all subsequent time points, SO2aR, SO2vR
and OEFR were not significantly different from the pre-DLFS reference ratio (P > 0.13) (Figures

5.1.3and 5.1.4).
Discussion

In the current study, the combined temporal dynamic responses of retinal oxygenation
markers Da, Dv, SO2a, SO2v and OEF during DLFS and after its cessation were reported in
human subjects. To the best of our knowledge, this is the first study to mathematically model the

temporal dynamic responses of SO2a, SO2v and OEF.

The DLFS-induced steady values of DaR and DvR were 1.046 and 1.053, consistent with
previous studies that found vasodilation of a similar magnitude during DLFS 12 13,2169, 70,103
The DLFS-induced steady state values of SO2vR and OEFR were 1.071 and 0.87, in agreement
with previous studies which found an increase in SO2v'® 2 and a decrease in OEF.1® The DLFS-
induced steady state value in SO2aR was 0.99, indicating minimal change in SO2a during DLFS,

consistent with previous studies.® 23

The time constants of changes in both DaR and DvR in response to DLFS were similar to
those reported by previous studies,?> 2 which substantiates the exponential modeling of the
temporal dynamic responses in the current study. The rapid rise time of these markers is also in
agreement with a previous study that reported a 10 s time constant for the response of BF at the
optic disk to DLFS.?6:1% Taken together, the time constants of DaR, DvR and BF indicate that
DO would likely have a similar time constant, resulting in a rapid increase of DO at the
initiation of DLFS. Indeed, the ability of DOz to increase rapidly during DLFS has been
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previously described as a result of complex neurovascular coupling mechanisms.? > In
contrast, the time constants of changes in SO2vR and OEFR in response to DLFS were more than
two-fold larger than those of DaR, DvR and BF. The apparent mismatch between the supposed
time constant of DO and that of OEFR may have important implications concerning the
temporal dynamic response of MOz to DLFS. However, the use of Fick’s principle to quantify
OEF as the ratio of MO; to DO, applies only to steady state conditions,*® 28 and thus we cannot
infer relative changes in MO to DO> from OEFR measured during DLFS prior to the
establishment of a DLFS-induced steady state. Ultimately, future studies that directly measure
the temporal dynamic responses of MO and DO; to DLFS are necessary to elucidate the
temporal dynamic response of OEFR observed under non-steady state conditions. Nevertheless,
this study demonstrates, for the first time, that the time-courses of changes in SO2vR and OEFR
to DLFS are considerably different from those of DaR and DvR, confirming our hypothesis.
Indeed, to achieve 95% of the maximal DLFS-induced change in a metric, a DLFS duration of
thrice the time constant is necessary. From the current study, a DLFS duration of 45 s is
necessary for changes in Da and Dy to reach 95% of their maximal DLFS-induced changes,
whereas 117 s is necessary for SO2vR. Thus, the duration of DLFS should be carefully
considered when comparing the results of previous studies, particularly for metrics that have

longer time constants.

By 13 seconds after the cessation of DLFS, DaR, SO2vR and OEFR had returned to pre-
DLFS reference ratios, whereas DvR remained elevated. These findings in DaR and DvR are
consistent with previous studies that reported minimal arterial vasoconstriction and slight venous
vasodilation within 10 seconds after the cessation of DLFS.12 1321 Although DaR returned to

baseline by about 13 seconds after the cessation of DLFS, the continued elevation of DvR may
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correspond to the phenomenon of delayed venous compliance.'® Nevertheless, within 26
seconds after the cessation of DLFS, all metric ratios were not significantly different from the

reference ratio and the retina had supposedly returned to its pre-DLFS steady state.

There were several limitations in the current study. First, since data were derived based
on an optical imaging technique, image quality may have affected measurements. However,
inter- and intra-subject variability was low, indicating consistency in measurements. Second, we
modeled the complex temporal dynamic responses of metrics to DLFS with a relatively simple
exponential equation. Future studies with that assess the temporal dynamic responses with finer
temporal resolution may permit better modeling of these phenomena, particularly the temporal

dynamic responses of metrics to the cessation of DLFS which could not be modeled here.

In summary, the temporal dynamic responses of OEFR to DLFS and its cessation were
reported in human subjects for the first time. The temporal dynamic responses of all markers to
DLFS were fit with an exponential function allowing calculation of their DLFS-induced steady
state values and time constants. The time constant of the inner retinal oxygen extraction fraction
was more than two-fold larger than those of the retinal vascular diameters, indicating
considerable differences in the time-courses of responses in these metrics to DLFS. Thus, the
duration of flicker should be carefully considered when comparing the results of previous
studies. Future application of this technique is potentially useful to elucidate normal physiology

and the pathophysiology of retinal diseases.
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Part 2: Develop novel optical imaging system for automated, real-time image stabilization

(Parts of) this chapter was (were) previously published as: Anthony E. Felder, Cesare Mercurio,
Justin Wanek, Rashid Ansari, Mahnaz Shahidi; Automated Real-Time Conjunctival

Microvasculature Image Stabilization. IEEE Trans. Med. Imaging 2016; 35(7):1670-1675.

Introduction

The assessment of temporal dynamics in humans revealed a practical limitation — the loss
of imaging data during elongated imaging protocols due to poor subject fixation. Thus, a novel
optical imaging system for real-time image stabilization was developed to compensate for
subject eye motion. This system was developed in parallel to the one from the previous two
Chapters and the image stabilization methodology was validated using human bulbar
conjunctiva. This tissue was chosen for its accessibility without the use of dilation drops and
relevance to microrcirculatory studies.

The human bulbar conjunctiva is a thin, transparent tissue layer covering the sclera and is
densely vascularized. The conjunctiva is easily imaged and thereby permits the study of in situ
microcirculatory hemodynamics.*® Previous studies have reported alterations in conjunctival
hemodynamics in systemic pathologies including diabetes,''! 112 Alzheimer’s disease,*® and
sickle cell anemia.**!1® Therefore, assessment of the conjunctival microcirculation is vital to
elucidate the pathophysiology of these systemic diseases and how they implicate microvascular
hemodynamics.

Several commercially available retinal imaging systems have been modified to assess the

hemodynamic properties of the conjunctiva, including the Retinal Functional Imager!’ and
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Heidelberg Retinal Flowmeter.'!® Additionally, dedicated optical imaging systems have been

119 slitlamp biomicroscopy, 1 114

developed based on Orthogonal Polarization Spectral imaging,
120,121 and intravital microscopy.**? 122 Image sequences from these systems are acquired at high
frame rates and magnifications, and thus require spatial registration prior to quantification of
microvascular hemodynamics. However, automated image registration may be hindered by poor
image quality and manual image registration requires extensive user interaction and time.
Furthermore, both registration methods are applied after image acquisition, resulting in data loss
along the boundaries of the imaged area. In contrast, automated real-time image stabilization
methodologies that allow for continuous imaging of a conjunctival microvasculature region
while maintaining the imaged area would be beneficial for the study of microvascular
hemodynamics. Specifically, image stabilization facilitates acquisition of image data over a
large microvasculature network region, shortens imaging time for patients, and reduces post-
acquisition image processing.

Current retinal imaging systems such as scanning laser ophthalmoscopes*?® 124 and
optical coherence tomography systems*?® provide real-time image stabilization using infrared
light reflected from the optic disk. However, the optic disk is not visible during conjunctival
imaging, making this method of tracking impractical. A single study has used imaging of the
conjunctival microvasculature to estimate ocular motion 26, however real-time image
stabilization was not attempted.

In the current chapter, we report a novel optical imaging system that performs automated
image stabilization of the conjunctival microvasculature by real-time ocular motion tracking and
optical path realignment. We tested the hypothesis that real-time image stabilization would

maintain imaged area and decrease perceived ocular motion during image acquisition.
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Materials and Methods
Subjects

Prior to imaging, the research study was explained to subjects and informed consents were
obtained. A total of 5 healthy human subjects (age: 33 £ 11 years; 4 male, 1 female) participated
in the study. Subjects were seated in front of the optical imaging system with their head resting
on a chin and forehead support. A point source of light was provided as fixation to the right eye
while the left eye was imaged. In each subject, between three and four 5-second image sequences

of the temporal conjunctival microvasculature were acquired at each image stabilization condition.

Instrumentation

A schematic diagram of the optical imaging system for real-time image stabilization of the
conjunctival microvasculature is shown in Figure 5.2.1. The imaging system was assembled on a
steel bread board which was mounted on a slit lamp biomicroscope base, allowing precise
alignment of the optics with respect to the eye. The white light source from a slit lamp
biomicroscope (27 W, BC900, Haag-Streit AG, Koniz, Switzerland) was fitted with a bandpass
filter (530 = 5 nm, Thorlabs, Newton, NJ) to illuminate the conjunctiva at a power of 130 uW.
This wavelength was chosen to increase the contrast between the conjunctival microvasculature
and the surrounding scleral tissue. Light incident to the eye was reflected by the conjunctiva and
directed by two mirrors attached to rotational galvanometers (Model 6240H, Cambridge Tech,
Bedford, MA) mounted perpendicular to each other in a customized X-Y mount (Cambridge Tech,
Bedford, MA). The galvanometers were powered by two 10 VDC power supplies and controlled
using a DAQ board (BNC 2120, National Instruments, Austin, TX) attached to the control

computer (Optiplex 990, Windows 7 64-bit, Dell). Rotation of the galvanometers and attached
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mirrors in the perpendicular configuration permitted optical beam path realignment in both the
horizontal and vertical image dimensions. Light from the conjunctiva was collected by a 150 mm
focal length lens (Thorlabs, Newton, NJ) and collimated prior to image path bifurcation. The
optical beam path was bifurcated using a 90/10 polarizing pellicle beam splitter (Thorlabs,
Newton, NJ). The 10% beam path contained an adjustable aperture and a second 150 mm focus
length lens to generate an unmagnified image which was captured by a charge coupled device
(CCD) camera (Prosilica GT 1380, Allied Vision Technologies GmbH). This camera acquired 8-
bit gray scale images for tracking. The 90% beam path contained the beam expander and camera
arm mount of a slitlamp biomicroscope optical head (Zeiss, Jena, Germany) to generate a 3.8x
magnified image on a second, identical CCD camera. This camera acquired magnified 8-bit gray
scale images for the evaluation of conjunctival hemodynamics and image stabilization. Each
camera was controlled by a dedicated GigE network interface card mounted to the control
computer’s motherboard. Real-time image stabilization and acquisition were controlled using a

customized software program (LabView 2014, National Instruments, Austin, TX).
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Figure 5.2.1 Schematic diagram of the optical imaging system for automated real-time
image stabilization. Thick lines indicate hardware interfaces and thin lines indicate optical
beam paths. The dashed and dotted lines indicate the optical beam paths for tracking and

Imaging, respectively.

Real-time Image Stabilization

The control program simultaneously and independently coordinated image acquisition on
both tracking and imaging cameras at different frames per second (FPS) rates. The tracking
camera operated at either 60 or 90 FPS by using a region of interest (ROI) on the camera sensor
(200x200 pixels; 1.29x1.29 mm), whereas the imaging camera operated at 50 FPS using with a
camera sensor ROI (550x550 pixels; 0.94x0.94 mm). Image stabilization was performed in real-
time by tracking conjunctival eye motion at one of the two FPS conditions and simultaneously
realigning the optical beam path by galvanometer rotation of the two perpendicular mirrors.

Tracking was achieved by determining the displacement of a template image in
consecutive tracking camera image frames using a normalized 2D cross correlation algorithm

provided by an open source computer vision and machine learning software library*?” (OpenCV,
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version 3.0.0). First, the template image was created by cropping the initial tracking camera
image frame to a user-assigned ROI of ~50 x 50 pixels. The size of this ROl was chosen to
minimize computation load during tracking. Second, the OpenCV cross-correlation function
cvMatchTemplate generated a 2D array of correlation coefficients by sliding the template image
over the current tracking camera image frame in a 2D pixel-wise manner and calculating a
correlation coefficient at each location combination. Normalized correlation coefficients were
generated by using the normalized matching method argument CV_TM_CCOEFF_NORMED
within the cvMatchTemplate function. Third, the location combination corresponding to the
maximum correlation value was used to determine the 2D pixel displacement between the
current frame and the first frame which was used to generate the template. The time required to
execute the cross correlation algorithm was ~2 ms. If the maximum correlation value was
greater than a threshold of 0.7, 2D pixel displacements were converted to galvanometer voltages
which were then used to rotate the mirrors in real-time and realign the optical path to stabilize
conjunctival microvasculature images. This threshold was determined experimentally based on
its ability to provide consistent results during image stabilization of the target. If the maximum
correlation value was < 0.7, mirror voltages were not applied and image stabilization temporarily
ceased. In this manner, image stabilization could recover from blinks or large saccade if the

subject could again fixate on their original target.

Dynamic Response of the Control System
The dynamic response of the control system was characterized by the frequency
response, settling time, and steady state displacement error. To characterize these responses, a

transparent ruler with millimeter scale precision served as an imaging target. This target was
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spatially modulated by applying voltage to a rotating DC motor shaft (Model 50JB, Source
Engineering Inc., Santa Clara, CA). Image sequences were acquired before and during image
stabilization. The imaging camera’s exposure, gain and image acquisition rate were 18 ms, 25,
and 50 FPS, respectively. The tracking camera’s exposure, gain and image acquisition rate were
11 ms, 31, and 90 FPS, respectively.

The frequency response of the control system was determined by measuring the decibel
suppression of target motion during image stabilization. The target was uniaxially modulated by
applying voltages from 1 to 21 V (in 1V increments) to the DC motor, producing a spatial
oscillation of ~780 um at frequencies ranging from 0.15 to 2.63 Hz. Image sequences acquired
before and during stabilization were used to determine the frequency of the spatial oscillations
and the target displacement, respectively. The suppression in target motion was calculated as -
10*log1o(Adisp / do), where Adisp was the difference in displacement between before and during
image stabilization and do, was the displacement before image stabilization. A Bode plot of
decibel suppression versus target oscillation frequency was generated and fitted with a standard
exponential function. The cutoff frequency corresponding to a decibel suppression of -3 dB was
measured from the fitted exponential and the frequency response bandwidth was determined.

The settling time of the control system was determined by applying a single, immediate
step-wise displacement and tracking image displacement as a function of time during image
stabilization. A displacement of 85 um was applied between successive frames during image
stabilization. Image sequences during this displacement were acquired and the settling time was
determined as the time required to stabilize the image to within five pixels of the original

position.
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The steady state displacement error of the control system was determined by performing
image stabilization on an immobilized target. Image displacement was averaged over 30
successive image frames and a mean displacement from two repeated measurements was

calculated.

Image Stabilization of the Target and Human Conjunctival Microvasculature

Image stabilization was assessed using both a spatially modulated target and the
conjunctival microvasculature of human subjects. Image sequences were acquired under three
image stabilization conditions: before image stabilization, during image stabilization at 60 FPS,
and during image stabilization at 90 FPS. The imaging camera exposure, gain and FPS were 18
ms, 25, and 50 FPS, respectively. The tracking camera exposure, gain and FPS were 11 ms, 31,
and 60 or 90 FPS, respectively.

For image stabilization of the target, the target was uniaxially translated by the DC motor
at an average speed of 0.9 mm/s. This mean velocity was chosen to represent a substantial
challenge to the system without exceeding the cutoff frequency. During translation, three 5-
second image sequences were acquired at each image stabilization condition.

For image stabilization of the human conjunctival microvasculature, five human subjects (4
male, 1 female, age = 33 £ 11 years) participated in the current study. Subjects were seated in
front of the optical imaging system with their head resting on a chin and forehead support. A
fixation target was provided to the right eye while the left eye was imaged. In each subject,
between three and four 5-second image sequences of the temporal conjunctival microvasculature

were acquired at each image stabilization condition.
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Metrics for the Assessment of Image Stabilization

Image stabilization was assessed using three customized metrics: 1) image sharpness, 2)
image displacement and 3) field of view. All metrics were quantified using custom algorithms
developed in Matlab (Matlab 2013, MathWorks, Natick, MA). First, image sharpness was
determined using the mean image generated by averaging all frames from an image sequence.
From this mean image, a sharpness score (SS) was calculated by determining the average

magnitude of the horizontal and vertical pixel-to-pixel intensity gradients as follows:

612 612
ss—z
y

Here, I(x,y) is the 2D array of intensity values obtained from the mean image, 01%/0x and

/N 5.2.1

01%/9y are intensity gradients in the x and y dimensions respectively, and N is the number of
elements in the 2D array. Higher sharpness scores indicated increased image contrast. Second,
frame-to-frame image displacement was determined by tracking a manually defined ROI through
the image sequence. The standard deviation of these displacements in both Cartesian image axes

(SDx, SDy) were used to calculate the total standard deviation of motion (SDT) as follows:

SDT - ’SDXZ + SDY2 522

Lower values of SDt indicate decreased displacement between consecutive image frames
and better image stabilization. Third, the field of view during image acquisition was determined
using the frame-to-frame displacements measured for the calculation of SDt. The largest
displacements in both Cartesian image axes (Dx, Dy) were used to calculate the percentage of
the field of view that was maintained during image acquisition (FOVw), according to:

FOV,, = Lx = D’I‘)I(IY ~D9II 100 5.2.3
XY
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Here, Ix and Iv are the image dimensions and in both Cartesian image axes, respectively.
Higher values of FOVwm correspond to smaller maximal displacements, indicating a greater
maintained field of view and better image stabilization.

The dynamic response of the control system was assessed using the SDt metric. Target
image stabilization was assessed with SS and SDt metrics. Conjunctival microvasculature image

stabilization was assessed using SS, SDt, and FOVm metrics.

Data Analysis

Mean SS, SDT, FOVwm values were calculated by averaging repeated measurements at each
image stabilization condition. From conjunctival microvasculature images, the repeatability of
SDt and FOVwm was assessed by calculating the standard deviation of repeated measurements
averaged over all subjects at each image stabilization condition. General linear model repeated
measures analysis was used to evaluate the effect of image stabilization on stabilization metrics
(SS, SDt, and FOVwm). Pairwise comparisons were performed with Bonferroni adjustments for
multiple comparisons. Significance was accepted at P < 0.05. SPSS software (version 22, SPSS,

Chicago, IL, USA) was used to perform statistical analyses.

Results
Dynamic Response of the Control System

The cutoff frequency of the control system was 2.33 Hz, indicating effective stabilization
at mean target velocities of less than 1.82 mm/s. The mean settling time was 328 £ 8 ms, indicating
recovery from instantaneous displacements of 85 um within a third of a second. The steady state

displacement error of the system was 0.6 & 0.2 pixels, corresponding to 1.0 + 0.3 um.

64



Image Stabilization of the Target

Mean images of the target under each image stabilization are shown in Figure 5.2.2A. With
successive image stabilization conditions, image contrast and sharpness was visually improved.
Mean SS under each image stabilization condition are provided in Figure 5.2.2B. Mean SS values
before and during image stabilization at 60 and 90 FPS were 0.54 £ 0.14, 0.70 £ 0.03, 0.77 £ 0.00,
respectively. Mean SDt under each image stabilization condition are provided in Figure 5.2.2C.
Before image stabilization, SDt was 285 + 16 um and was 77 = 1 pum and 60 £+ 1 pm during image

stabilization at 60 and 90 FPS, respectively.
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Figure 5.2.2 (A) Mean images of the vertically modulated target at a mean linear velocity
of 0.9 mm/s before image stabilization (Left), during image stabilization at 60 FPS (Center),
and during image stabilization at 90 FPS (Right). (B) Mean sharpness scores (SS) of the
target images at each image stabilization condition. (C) Mean total standard deviation of
motion (SDr) of the target at each image stabilization condition. Error bars indicate
standard deviation.

Image Stabilization of Human Conjunctival Microvasculature
Repeatability of SDt measurements during conjunctival image stabilization at 60 and 90

FPS were 7 um and 3 um, respectively. Repeatability of FOVm measurements during
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conjunctival image stabilization at 60 and 90 FPS were 10%, and 3%, respectively. Mean
conjunctival microvasculature images from one human subject under each image stabilization
condition are shown in Figure 5.2.3A. Similar to the target, conjunctival image stabilization
resulted in visibly increased contrast and sharpness resulting in the ability to distinguish fine
details, as indicated by arrowhead. Mean SS under each image stabilization condition are
provided in Figure 5.2.3B. There was a significant effect of image stabilization on SS (P = 0.02),
such that image stabilization at 60 and 90 FPS increased SS as compared to before stabilization
(P <0.05). However, there was no significant difference in SS between image stabilization at 60

and 90 FPS (P = 1.0).
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Figure 5.2.3 (A) Mean conjunctival microvasculature images acquired from a

representative healthy human subject before (Left) and during image stabilization at 60

FPS (Center) and 90 FPS (Right). Arrowhead indicates area of increased sharpness and
contrast, allowing for better visualization of the conjunctival microvasculature. (B) Mean
sharpness scores (SS) of conjunctival microvasculature images in human subjects at each

image stabilization condition. Error bars and asterisks indicate standard deviation of

means and statistically significant differences between stabilization conditions, respectively.
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Mean SDt and FOVm under each image stabilization condition are provided in Figure
5.2.4A and 5.2.4B, respectively. Before and during image stabilization at 60 and 90 FPS, mean
SDt was 176 = 24 um, 39 £ 6 um and 30 + 7 um, respectively. There was a significant effect of
image stabilization on SDt (P < 0.001), such that each successive stabilization condition
significantly decreased SDt (P < 0.004). Mean FOVw before and during image stabilization at
60 and 90 FPS was 24 + 11%, 66 + % and 75 + 3%, respectively. Image stabilization
significantly affected FOVwm (P = 0.001), such that each successive stabilization condition

significantly increased FOVm (P < 0.03).

7
5
Y
Z 100
50 -
: B ==
Before Image Image
Image Stabilization Stabilization
Stabilization 60 FPS 90 FPS
A
100
90
80
70
£ 60
az 50
g 40
30
20
10
0
Before Image Image
Image Stabilization Stabilization
Stabilization 60 FPS 90 FPS

B

Figure 5.2.4 (A) Mean total standard deviation of motion (SDt) and (B) mean maintained
field of view (FOVwm) of conjunctival microvasculature images in humans at each image
stabilization condition. Error bars and asterisks indicate standard deviation of means and
statistically significant differences between stabilization conditions, respectively.
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Discussion

A novel optical imaging system was developed to perform automated real-time image
stabilization of the conjunctival microvasculature. The system uses a normalized cross
correlation algorithm to detect conjunctival microvasculature motion and control galvanometer
scanners to realign the optical imaging path. Image stabilization was repeatable and reduced
displacements of the target and conjunctival microvasculature, while also maintaining a larger
field of view of the microvasculature.

The dynamic response of the control system for conjunctival microvasculature image
stabilization was established. The cutoff frequency corresponded to a mean velocity of 1.82
mm/s, which is substantially greater than eye motion from saccade and gaze drift.!?® Increased
SS of the target image and decreased SD+ during image stabilization were demonstrated,
confirming the capability of the system to suppress sustained motion at a velocity within the
frequency response of the control system. The settling time of the system was less than a third of
a second, adequate to stabilize saccade eye motion which occurs every ~700 ms during fixation
and has a latency of ~200 ms.128 129

Conjunctival microvasculature images acquired during image stabilization demonstrated
significantly improved visualization of fine details. This observation was confirmed by
increased SS and a reduction in SD+ during image stabilization. Furthermore, image
stabilization at 90 FPS reduced SDt to ~30 um, which was significantly lower than SDt at 60
FPS. In addition, FOVwm of the conjunctival microvasculature significantly increased during
image stabilization. FOVm was ~75% during image stabilization at 90 FPS, and significantly
greater than FOVv at 60 FPS. These results support the potential of the system to image blood

vessels within a fixed region for monitoring of dynamic changes in conjunctival hemodynamics.
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In the current configuration, a dedicated optical imaging system was developed for
conjunctival microvasculature image stabilization. In the future, such a system may be
integrated into the optical imaging system for simultaneous measurement of retinal oxygenation
markers with DLFS (Chapter 3). This system for image stabilization would be of particular
assistance during the prolonged imaging of the retina to determine the temporal dynamic
responses of markers to DLFS (Chapter 5, part 1). It may also be feasible in the future to design
and develop a more compact and modular system that can be integrated into commercial slit
lamp biomicroscopes, which would facilitate application of this technology for multicenter
clinical studies.

There were several limitations to this work. First, image quality affects the system’s
ability to provide image stabilization. Although image stabilization was demonstrated at high
frame rates, image quality can be adversely affected due to the prerequisite short camera
exposures. Since the light levels used in the current study were low, a possible solution is to
deliver more light to the eye or improve light efficiency along the tracking optical path. Second,
since image acquisition and cross correlation occur in series, computation time of the cross
correlation algorithm can also directly affect performance. The cross correlation algorithm had a
runtime of up to 2 ms and can limit the effective frame rates of both the tracking and imaging
cameras. A possible solution is to reduce computation time by performing the cross correlation
on the graphics processing unit using compute unified device architecture. Third, this current
study established the feasibility of the image stabilization method in a small cohort of healthy
subjects. Future studies are needed to determine effects of gender, race, age, and pathologies on

the performance of the system.
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In summary, a technique for automated real-time image stabilization of the conjunctival
microvasculature was demonstrated. This technique was shown to significantly reduce
displacements of the target and conjunctival microvasculature as well as maintain the original
imaged area during image acquisition. Therefore, this technique may enable further
advancements in the study of microvascular pathophysiology. While the optical imaging system
was used for stabilized conjunctival microvasculature imaging, the technique described here is
applicable to other disciplines and tissues which require image stabilization to further improve

the efficacy of image analysis algorithms.
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VI. METHODOLOGY FOR THE THREE-DIMENSIONAL IMAGING OF RETINAL

OXYGENATION IN RATS

Introduction

Thus far, this thesis has described the assessment of retinal oxygenation markers in
humans. It is necessary to assess these non-invasive markers in human studies since current
techniques for direct measurement of retinal oxygenation are highly invasive or involve the use
of non-native, oxygen-sensitive probes. However, in animal models, measurement of retinal
tissue oxygen tension (tPO2) may be used to directly assess retinal oxygenation.

Oxygen-sensitive microelectrodes directly measure retinal tissue tPO> through the retinal
depth.3-** While the oxygen microelectrode technique is currently considered the best method
due to high sensitivity and depth discrimination, it is invasive and provides limited spatial
assessment of tPO2. These limitations were addressed in part by phosphorescence lifetime
imaging,® ** which provided non-invasive, depth-resolved measurements of tPO; at vertically
contiguous retinal locations.3” However, since this method did not measure retinal tPO; in three-
dimensions (3D), identification and assessment of physiological and pathological variations in
tPO- across regions of the retina were limited.

In the current chapter, we address this limitation by volumetric retinal tPO imaging
using our previously developed system for the 3D imaging of oxygen tension within the retinal
vasculature.® This imaging technique overcomes the spatial limitations of existing methods and
can provide valuable information about variations in tPO. under physiological and pathological

conditions.
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Materials and Methods
Animals

Nine Long Evans pigmented rats (weight: 300 — 600 g) were used in this study. The
animals were treated in compliance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. Anesthesia was induced with intraperitoneal injections of
ketamine (100 mg/kg) and xylazine (5 mg/kg), and was maintained during imaging by
supplemental doses of ketamine (20 mg/kg) and xylazine (1 mg/kg). An oxygen-sensitive
molecular probe, Oxyphor R2 (Oxygen Enterprises, Ltd. Philadelphia, PA) was dissolved in
saline and 3 pL (0.5 mM) was injected intravitreally one day prior to imaging, as previously
described.’

Two separate groups of rats were ventilated mechanically (Harvard Apparatus Inc., South
Natick, MA) with either 21%/30% fraction of inspired oxygen (FiO) to maintain systemic
normoxia (N = 6) or 10% FiO- to induce systemic hypoxia (N = 3), as previously reported.*6: %
One rat from the normoxia cohort was also ventilated under hypoxia for comparative
visualization of tPO. within the same retinal region. To verify the systemic condition of rats,
arterial oxygen tension (P.O>), carbon dioxide tension (PaCO2), and blood pH were measured by
a blood gas analyzer (Radiometer, Westlake, OH or Idexx Vetstat, Westbrook, ME) using blood
drawn from a catheter inserted into the femoral artery. Body temperature was maintained at
37°C using an animal holder with a closed-loop copper tubing water heater. Prior to imaging,
pupils were dilated with 2.5% phenylephrine and 1% tropicamide. One percent hydroxypropyl
methylcellulose and a glass cover slip were applied to the cornea to eliminate the cornea’s

refractive power and to prevent corneal dehydration during imaging.
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3D Retinal Tissue Oxygen Tension

Our previously described optical section phosphorescence imaging system® was used here
for the 3D imaging of retinal tPO,. Briefly, a slitlamp biomicroscope was modified to
accommodate a laser (535 nm wavelength, ~40 uW), an optical chopper, a rotational
galvonometer with an attached mirror, a high-pass filter with 650 nm cutoff, and an intensified
charge-coupled device (ICCD) camera. The laser was projected at an oblique angle to the retina
as a ~1 mm vertical line and was modulated by the optical chopper at 1.6 MHz. The laser line
was horizontally scanned across the retina and phosphorescence emission was selectively imaged
at each location using the high-pass filter placed in front of the ICCD camera. Since the
excitation laser and the imaging paths were not coaxial, phosphorescence across the retinal depth
appeared laterally displaced in the optical section phosphorescence images.®” Imaging was
performed in one eye of each animal, either temporal or nasal to the optic disc. During imaging,

room lights were off and rats were light-adapted due to the scanning laser illumination.

A schematic diagram of the methodology for generating 3D retinal tPO2 volumes is
shown in Figure 6.1. The vertical laser line was horizontally scanned across the retina in 9 um
steps (Figure 6.1A) and optical section phosphorescence images in the y-z plane of the retina
were acquired at locations along the x-axis. The number of scan steps ranged from 14-45,
dependent on the eye curvature and dilated pupil size. At each retinal scan location, a series of 6
or 10 phase-delayed, optical section phosphorescence images were acquired by setting
incremental delays between the modulated laser and intensifier gain of the ICCD camera.
Optical section phosphorescence images acquired at each phase delay were stacked along the x-
axis to form phase-delayed phosphorescence volumes (Figure 6.1B). The volumes were

flattened to remove the effect of the eye curvature and then smoothed by a 3D anisotropic
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averaging filter (2 x 6 x 4 pixels in the x, y and z-axes, respectively) (Figure 6.1C). This filter
size was selected to smooth each voxel of the phosphorescence volume equally in all dimensions
(18 um x 18 um x 18 um). Using a frequency domain technique,® ** phosphorescence lifetime
was determined at each voxel from the phase-delayed phosphorescence volumes and PO, was
then calculated using the Stern-VVolmer equation to generate a 3D retinal tPO2 volume (Figure
6.1D). All image reconstruction and processing was performed using customized algorithms

developed in Matlab (MathWorks, Natick, MA).

The chorioretinal and vitreoretinal interfaces were designated from the tPO> volume as
the location of maximal tPO2 and 200 pm anterior to the chorioretinal interface®°, respectively.
The retinal tPO2 volume consisted of 45 en face tPO2 images in the x-y plane, extending from the
vitreoretinal (en face tPO2 image 1 at retinal depth 0%) to the chorioretinal (en face tPO> image
45 at retinal depth 100%) interface (Figure 6.1E). The inner and outer retinal volumes were
defined as the inner and outer 50% of the total retinal volume and extended from en face tPO;

images 1 to 22 and 23 to 45, respectively.
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A B C D E
Figure 6.1 A schematic diagram illustrating the steps for the generation of a retinal tissue
oxygen tension (tPOz) volume. (A) A vertical laser line is scanned laterally across the rat
retina, as indicated by green lines, to acquire a series of phase-delayed optical section
phosphorescence images. (B) The series of zero-phase delay optical section
phosphorescence images are stacked along the x-axis. Vertical red lines on the right-most
optical section phosphorescence image indicate vitreoretinal (left) and chorioretinal (right)
interfaces. (C) The zero-phase delay phosphorescence volume is shown. (D) Using the set of
phase-delayed phosphorescence volumes, the phosphorescence lifetime was calculated at
each voxel to generate a retinal tPO2 volume, shown in pseudo color. Color bar indicates
tPO2 between 0 and 50 mmHg. (E) The tPO2 volume contains 45 en face tPO2 images in x-
y planes across the retinal depth. Arrows (from left to right) point to en face tPO2 images
at 0%, 33%, 66% and 100% retinal depth.

Data Analysis

From compiled data in all rats, the relationship between mean tPO; of en face image 45
and systemic P,O2 was assessed by linear regression analysis. From each rat and each en face
tPO- depth, the mean tPO2 (Mipoz, rat, deptn) and spatial variation of tPO2 (SViroo, rat, depth) Was
calculated. Spatial variation represents the variability of tPO2 in each en face image and was
calculated as the standard deviation (SD) of tPO.. Combining measurements of Moz, rat, depth and
SViro2, rat, depth from all en face images in all rats, Moz and SViro2 depth profiles under each
systemic condition were generated. The effects of systemic condition (normoxia, hypoxia) and
retinal depth on Moz and SViro2 were determined by mixed linear model. In one retinal region
that encompassed both an artery and a vein (vein superior to artery), a mean inner retinal en face
tPO2 image (average of en face images 1 through 22) was generated and linear regression
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analysis was performed between tPO. and vertical distance along the image (averaged over 30
pum vertical contiguous regions). This analysis was performed to assess the correlation between
inner retinal tPO. and location between the artery-vein pair. All statistical analyses were
performed using SPSS statistical software (version 22, SPSS, Chicago, IL, USA). Statistical

significance was accepted at P < 0.05.

Results

Qualitative Evaluation of tPO, Volumes

All tPO2 volumes were inspected for qualitatively recognizable characteristics.
Representative tPO2 volumes generated at the same retinal region (indicated in green; Figure
6.2A) in a rat under normoxia (Figure 6.2B) and hypoxia (Figure 6.2C) are shown. As expected,
all volumes exhibited greater tPO> at the chorioretinal interface compared to the inner retina, and
volumes under hypoxia demonstrated lower tPO, compared to those under normoxia. Further,
tPO2 volumes appeared relatively uniform, without abrupt variations in tPO>. Retinal vessels

were not visible on most tPO> volumes.
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Figure 6.2 (A) Representative retinal region imaged in a rat, indicated by green lines
superimposed on the red-free retinal image. Retinal tissue oxygen tension volumes
generated in the same retinal region under normoxia (B) and hypoxia (C). Color bar
indicates oxygen tension in mmHg.

Quantitative Analysis of tPO> Volumes

The P20z, P.CO and pH levels of rats under systemic normoxia were 95 + 15 mmHg, 43
+ 13 mmHg, and 7.4 £ 0.15, respectively. For rats under systemic hypoxia, the P02, PaCO>, and
pH were 32 + 3.5 mmHg, 34 + 5.6 mmHg, and 7.4 + 0.07, respectively. As shown in Figure 6.3,
Mipo2 at the chorioretinal interface was linearly correlated with systemic P,O> (P = 0.007, R =

0.82, N = 9).
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Figure 6.3 Mean retinal tissue oxygen tension (Mwo2) at the chorioretinal interface plotted
as a function of systemic arterial oxygen tension (PaO2). Compiled data from 9 rats.

Retinal Mwo2 depth profiles compiled from data obtained in all rats stratified by systemic
condition are shown in Figure 6.4A. At each retinal depth, Mo was lower under hypoxia than
under normoxia. Under both systemic conditions, Moz increased with retinal depth, indicating
lower tPO; in the inner retina and higher tPO> towards the chorioretinal interface. Retinal SVipo2
depth profiles compiled from data obtained in all rats stratified by systemic condition are shown
in Figure 6.4B. SVio2 was lower at each retinal depth under hypoxia as compared to normoxia
and highest at the chorioretinal interface under both systemic conditions. There were significant
effects of both systemic oxygen condition (normoxia, hypoxia) and retinal depth on both Mpo2
and SVo2 (P < 0.001). In aretinal region that encompassed a horizontally-oriented retinal vein
superiorly and an artery inferiorly (Figure 2), inner retinal tPO, under normoxia decreased along
the vertical axis from the inferior artery to the superior vein in a manner well fit by a linear

equation (P < 0.001, R =0.88, N = 30).
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Figure 6.4 (A) Mean retinal tissue oxygen tension (Mtroz) depth profiles under normoxia
(Red, N = 6) and hypoxia (Blue, N = 3). (B) Retinal tissue oxygen tension spatial variation
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standard error of the means.
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Discussion

In the current study, we report a technique for imaging of retinal tissue oxygen tension in
three dimensions. Volumetric imaging of retinal tPO> is essential to identify and assess the
spatial variations of retinal oxygenation which occurs under normal physiological and
pathological conditions. Retinal tPO> volumes displayed a lower tPO> under hypoxia than
normoxia, and all volumes displayed greater tPO> towards the choroid, as expected. Moreover,
tPO- in retinal regions appeared relatively uniform (SVio2 of 5 — 8 mmHg under normoxia),
which may be due, at least in part, to the net result of oxygen diffusional gradients within a tissue
under steady state. However, despite retention of the oxyphor only in the extra-vascular space,
retinal vasculature, which were devoid of phosphorescence signal, could not be visually
identified on most tPO volumes. This was mainly due to the scatter of phosphorescence within

the retinal tissue.

In the current study, the Mwo2 depth profiles compiled from all rats under normoxia

demonstrated a large oxygen gradient in the outer retina with the greatest Mwo2 occurring at the
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chorioretinal interface, consistent with previous studies." 3> 37 This oxygen gradient is
necessary to drive oxygen from the choroid to the photoreceptor inner segments.3 3! There was
also a significant difference in Mo at each retinal depth between normoxia and hypoxia,
consistent with the findings of previous studies.®” #2132 However, absolute measurements of
tPO- through the retinal depth were generally lower than those reported in previous studies. In
the current study, inner retinal Moz and maximal Moz under normoxia (18 mmHg, 30 mmHg)
were lower than those in light-adapted rats measured by the oxygen microelectrode technique
(29 mmHg, 45 mmHg)®? and phosphorescence lifetime imaging (30 mmHg, 50 mmHg),*” while
they were more comparable to other published values measured using the oxygen microelectrode

technique (15 mmHg, 50 mmHg),** (13 mmHg, 35 mmHg).*

In the current study, we report SViro> for the first time, revealing physiologic variations
of tPO- across retinal regions. Previously, variations in retinal tPO, were suggested based on
differences in pre-retinal™®**1%¢ and intra-retinal®*®* *” PO, measurement between arteries and
veins From compiled data in all rats, SViro2 increased with retinal depth and was greatest
towards the choroid (8 mmHg), consistent with previous studies which reported similar
variations in rat®> 3" 130 and cat3* %2 under light-adapted conditions. Spatial variation of tPO2 was
also depicted by demonstrating a gradient in inner retinal tPO between an artery and vein pair.
This can be attributed to the reduction of PO> in the microvasculature as blood passes from artery
to vein, as well as oxygen diffusion to the retinal tissue between vessels.>® Additionally, from
compiled data in all rats, SVio2 was lower under hypoxia than normoxia, indicating tPO> is less
variable during systemic hypoxia. Since the inner retinal tPO> range should be related to the
difference between the retinal arterial and venous POy, a decrease in the arteriovenous PO>

difference during hypoxia should reduce the SVio2. Indeed, a decrease in the retinal
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arteriovenous PO; difference was previously reported under hypoxia.®® However, a floor effect
on tPO> during hypoxia may be present, which can also decrease SViro2. Nevertheless, SVipo2 is
a valuable metric and may be used to characterize tPO, variations across retinal en face images

for detection of abnormalities, such as retinopathies characterized by multifocal pathologies.

There were several limitations to this work. First, due to the use of laser excitation for
phosphorescence lifetime imaging, data can only be obtained in light-adapted rats. Second,
intraretinal phosphorescence scattering may reduce depth resolution and alter the tPO> depth
profiles, though the general trend of tPO: retinal depth profiles was similar to that obtained by
previous techniques. Third, due to the inverse non-linear relationship between phosphorescence
lifetime and tPO>, this method is less sensitive to the detection of high tPO>, resulting in greater
measurement variability. This limitation may in part account for the observation of higher tPO>
variability near the choroid. Fourth, eye motion that occurs due to animal respiration during
imaging can create shifts between consecutive image locations or blur during a single location.
To minimize the contributions of these factors, the phosphorescence volumes were smoothed in
post-processing. Smoothing of images decreased variations in the phosphorescence volume,
which may have altered calculation of phosphorescence lifetime. However, since comparison of
tPO. was based on data from multiple animals, this image processing step likely minimally
affected the results. Last, the calculation of tPO> from phosphorescence lifetime used oxyphor
constants that were derived from ex vivo experiments, which may be different from those in the
retinal tissue. This may affect absolute tPO> values, the possibility of which cannot be excluded

in this study.
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In summary, we demonstrated a technique for the imaging of retinal tissue oxygen
tension in three dimensions in rats. This optical imaging technique is a promising tool for

detecting spatial variations in retinal tissue oxygen tension in animal models of retinal diseases.
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